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ABSTRACT 
Color changes observed in irradiated meat were found to be species- and package-type 
dependent. Irradiated vacuum-packaged (VP) pork and turkey became redder following to 
irradiation relative to unirradiated controls. However, irradiated VP beef decreased in redness 
as compared to unirradiated controls. In contrast, aerobically-packaged (AP) pork and beef 
became less red as a result of irradiation compared to unirradiated controls. Whereas, redness 
values of irradiated AP turkey increased due to irradiation. Redness values of the VP pork and 
turkey were unchanged during 12 and 10 wks, respectively, of display, but decreased for VP 
beef and all AP samples during display. Visual evaluation also indicated that VP pork and 
turkey and AP turkey increased in redness compared to VP beef and AP pork and beef, which 
decreased as dose levels increased. The surface color of irradiated VP and AP pork became 
less uniform at 3.0 and 4.5 kGy than unirradiated pork. The reflectance spectra showed that 
irradiation induced an oxymyoglobin-like pigment in VP pork. Irradiated VP beef developed a 
pigment which contained both oxymyoglobin-like and metmyoglobin-like pigments. The 
reflectance spectra of VP and AP turkey were relatively unaffected by increasing doses of 
irradiation. Porcine biceps femoris (BF), light and dark region of the semitendinosus (LST 
and DST), and semimembranosus (SMB) were packaged in VP or AP packaging and 
irradiated. BF, LST, and SMB had a hematin concentration of 27.5, 31.0, and 40.8 ppm, 
respectively. These muscle types increased similarly in magnitude following irradiation. 
Whereas, AP BF, LST, SMB, DST, and VP DST decreased in redness as a result of low-dose 
irradiation. Yellowness values for AP samples decreased but increased for VP samples with 
the exception of VP DST, which decreased. Reflectance specu'a indicated that metmyoglobin-
like and oxymyoglobin-like pigments developed in irradiated AP and VP BF and LST samples, 
respectively. Aerobically-packaged and VP SMB samples were relatively unchanged by 
irradiation. A metmyoglobin-like pigment of similar reflectance developed in both AP and VP 
Vlll 
DST samples. The extent of irradiation-induced color changes in fresh meat appears to be 
independent of myoglobin concentration. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introductioo 
Irradiation is not a new technology, but a technology that has regained momenttim in 
recent years. Research has proven that irradiation is an effective processing tool to eliminate 
or reduce pathogenic and spoilage organisms from meat. The process of applying ionizing 
energy to "cold pasteurize" fresh meat could potentially increase the cash receipts for 
producers, processors, and retailers. Irradiation will dramatically increase the safety and 
shelf-life of fresh meat. However, the color of fresh meat could be significantly affected by 
irradiation. The conditions and color changes in fresh meat induced by irradiation are not well 
understood. 
Kropf (1980) stated that consumers have few choices when estimating the palatability 
of a cut of meat while it is in the retail case, so they must base their selection on visual 
appearance. When consumers are presented choices, they buy what they perceive as being 
the freshest. Consumers expect uniformity of appearance within a group of similar products 
(i.e., pork chops, turkey breasts or beef steaks). But, when differences in meat color exist, 
consumers relate those differences to product quality. Research has shown that irradiation 
can shift the color of meat from acceptable to unacceptable at very low doses. Irradiation 
dose levels stipulated in the FDA regulations are known to alter the color of fresh meat; 
however, the nature of the color change imposed by irradiation has not been fully 
characterized or documented. The physical, chemical, and sensory aspects of irradiation-
induced color changes need to be addressed. 
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Reported literature concerning irradiation-induced color changes in meat has been 
inconsistent. Research conducted from approximately 1950 to 1970 primarily examined the 
interaction between beef myoglobin and irradiation. This research demonstrated that the 
myoglobin molecule was denatured by irradiation. Researchers postulated possible 
mechanisms by which myoglobin was altered, but they have not been conclusively proven. It 
has been generally concluded that irradiation-induced color changes of myoglobin are a result 
of oxidation/reduction reactions catalyzed by radiolytic products. 
Since the 1980's, research has focused on color changes that occur in intact and ground 
meat. The data from these studies has been inconsistent, inconclusive, and contradicted 
earlier myoglobin research. These smdies were conducted at different dose levels, packaging 
environments, temperatures, and with different muscle groups. Fu et al. (1995a) reported 
that Hunter Lab values and sensory evaluation scores showed no color difference between 
control and beef irradiated at 1.5 kGy. Luchsinger et al. (1997) concluded that the color of 
aged chilled beef steaks was not affected by irradiation. Millar et al. (1995) reported that a* 
(redness) and chroma values increased in chicken breasts as a result of 5.0 kOy of ionizing 
radiation. In addition, an increase in the redness of pork color due to irradiation has been 
reported (Grant and Patterson, 1991; Luchsinger et al., 1996; Fu et al., 1995b). Grant and 
Patterson (1991) reported that different packaging atmospheres affected the amount of 
redness change observed in irradiated pork. Lambert et al. (1992) reported that the color of 
pork loins irradiated with l.O kGy in the presence of 20% oxygen and 80% nitrogen was 
completely discolored immediately after irradiating. In the same study, pork loins that were 
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packaged in a 100% nitrogen environment and irradiated with 1.0 kGy developed a color that 
was acceptable and stable for 35 days before being rejected. Lambert et al. (1992) later 
described the color of irradiated pork loins as becoming more pale and the color changing from 
red to yellow during the study. 
The USDA Food Safety and Inspection Service (FSIS) amended the poultry 
regulations to permit the use of irradiation to treat fresh or frozen uncooked poultry from 1.5 
kGy to 3.0 kOy (USDA, 1992). The Food and Drug Administration (FDA) has approved a 
petition to irradiate fresh red meats to 4.5 kOy and frozen red meats to 7.5 kOy (FDA, 
1997). Literature dociunenting the color changes and uniformity of color that exist in fresh 
meat within these dose ranges is limited. 
This project was developed to address several questions concerning irradiation-induced 
color changes in fresh meat. The objective of this research was fourfold. First, to determine 
if the irradiation-induced color changes in fresh meat are dose-dependent. Secondly, to 
determine if the irradiation-induces color changes in fresh meat color is affected by packaging 
atmosphere. Thirdly, to determine if the color changes induced by irradiation are visibly 
different. Finally, to determine if the irradiation-induced color in different muscle groups 
from the same species react similarly to irradiation. 
Dissertation Organization 
This dissertation is in an alternate style format consisting of an abstract, a general 
introduction, a general review of literature, three manuscripts prepared for publication and a 
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concluding summary. The three manuscripts represent the work done by the first author to 
fulfill requirements for the degree of Doctor of Philosophy. All manuscripts were prepared 
according to the Journal of Food Science Style Guide for research papers. These manuscripts 
consist of an Abstract, Introduction, Materials and Methods, Results and Discussion, 
Conclusions, References, Acknowledgments and Figure Captions. 
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CHAPTER 2. GENERAL REVIEW OF LITERATURE 
Food Irradiation 
From the beginning of primitive civilizations to the modem era obtaining, and 
consuming food has been essential for our survival. As civilizations developed, the amount of 
time available to spend obtaining food has declined, as peoples need to perform other 
activities has increased. To have a more continuous supply of food, which would not cause 
foodbome illness, food preservation techniques were developed. 
Following the American Revolution, the population growth and expansion into new 
areas of die country forced a change in food preservation within the U.S. Livestock was 
being delivered to urban centers for harvesting and consumption; however, this was still a 
seasonal trend. By the late 1800's, the utilization of natural refrigeration followed by the 
invention of mechanical refrigeration revolutionized the meat industry. Refrigeration shifted 
animal harvest from a seasonal abundant supply to a continuos year-around supply and 
created a valuable commodity that could be transported significant distances. Refrigeration 
increased food safety, reduced foodbome illness associated with meat, and improved the 
quality of the product. The cold temperatures limited the growth of microorganisms and 
controlled the natural aging processes, allowing meat to be stored for several days or weeks 
while maintaining a high quality. 
Since the late 1800's the preservation of meat has undergone several changes, but the 
ultimate goal is still the same, to present the consumer with the freshest, safest, and highest 
quality meat product possible. Recent foodbome ilhess outbreaks associated with fresh 
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meat have increased consumer's awareness about the safety of the food supply. Meat 
scientists and microbiologists are now faced with the challenges of eliminating microorganisms 
such as Salmonella, Listeria, E. coli 0157:H7, and "new" emerging pathogens from the meat 
supply, while maintaining a high quality product. Ionizing radiation is a technology that will 
cold-pasteurize or even sterilize meat products and is less detrimental to nutrient and quality 
attributes than other food preservation techniques. Food irradiation can effectively and 
efficiently eliminate hazardous pathogenic microorganisms found in fresh meat and provide a 
safer food supply for human consumption (Murano, E., 1995). 
History of development 
Food irradiation is not a "new" technology, a more descriptive term could be an 
"emerging" technology. The concept of exposing biological material to ionizing radiation is 
over a century old. In 1895, Wilhelm Roetgen discovered x-rays and in 1896 Henri Becquerel 
announced his discovery of radioactivity (Goresline, 1982). Shortly after these discoveries, 
the German scientist Minck studied the effects of ionizing radiation on microorganisms. 
These reports sparked a flurry of new research, studying the effects of ionizing radiation on 
biological materials. In the early I900's, a British patent was issued to Appleby and Banks 
for treatment of cereals with alpha, beta, and gamma rays to improve their keeping quality. A 
few years later, an U.S. patent was issued to D. C. Gillett to treat food products and organic 
materials with x-rays to prevent injury or bemg destroyed by insects. The first specific 
application of x-rays occurred in 1921 when Benjamin Schwartz utilized x-rays to kill 
Trichinella spiralis in fresh pork (Schwartz, 1921; Goresline, 1982; Diehl, 1995). 
During this time period irradiation research flourished. Scientists from all over the 
world were studying the biological effects induced by irradiation, but in many instances more 
questions were created than answered. Not only was biological research being conducted but 
basic radiation research was also being explored. Nuclear fission research and the 
development of a x-ray machine were well underway by the late 1920's and by the late 
1940's, two different types of electron accelerators emerged (Diehl, 1995; Goresline, 1982). 
By the mid 1940's, ionizing radiation sterilization of ground beef was being conducted 
by Bernard Proctor at Massachusetts Institute of Technology (MIT). Professor Proctor and 
his colleges at MIT were pioneers studying various factors of applying ionizing radiation to 
foods. Their studies reported findings on types of radiation, packaging considerations, 
microbial resistance, nutrient retention, and aesthetic properties of food stuffs after being 
sterilized with ionizing radiation (Proctor and Goldblith, 1951; Diehl, 1995; Goresline, 1982). 
After Word War II (WW II), a campaign began to create national food irradiation 
research programs in several countries. These programs were established to utilize radiation 
technology that was developed during WW II for peaceful and beneficial applications. The 
U.S. National Food Irradiation Program had a great stimulus in 1953 when President Dwight 
D. Eisenhower proposed the "Atoms of Peace" program. This proposal paved the way for 
the U.S. Atomic Energy Commission and the U.S. Army Quartermasters Corps to begin a 
research program evaluating numerous quality and wholesomeness issues associated with 
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ionizing radiation. Finally in 1965, after many years of research and millions of dollars, the 
Quartermasters Corps concluded that foods irradiated up to 65 kGy were safe for human 
consumption (Goresline, 1982; Diehl, 1995; Dempster, 1985a; Olson, 1995). 
Before irradiation could be introduced into commerciai use, clear evidence and 
assurance had to be obtained. That it would produce the desired results and that it would not 
produce any unacceptable effects in the finished product. In 1969, a Joint Expert Committee 
(JEC) was formed and contained representation from the World Health Organization (WHO), 
the Food and Agriculture Organization of the United Nations (FAO), and the International 
Atomic Energy Agency (IAEA). Beginning in 1970, the task of gathering all the possible 
information on food irradiation was coordinated by the International Project in the Field of 
Food Irradiation. After reviewing all of the possible data, in 1980 the JEC of 
WHO/F AO/IAEA concluded that "the irradiation of any food commodity up to an overall 
average dose of 10 kGy presents no toxicological hazard; hence toxicological testing of foods 
so treated is no longer required." It was also concluded that irradiation up to 10 kGy 
"introduces no special nutritional or microbiological problems" (WHO, 1988; WHO, 1994). 
Status of food irradiation 
In 1994,38 countries worldwide had regulations permitting the use of irradiation for 
more than 40 food items or groups of food (Loaharanu, 1994; ADA, 1996). However, the 
dose requirements and types of products vary fi-om country to country (Goresline, 1982). In 
the U.S., the U.S. Food and Drug Administration (FDA) first approved irradiation to 
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disinfest wheat and wheat products in 1963. Since that time FDA has granted permission to 
irradiate potatoes, spices and seasonings, dried enzyme preparations, pork carcasses, fresh 
fruit, and fresh and frozen red meat and poultry (ADA, 1996; FDA, 1997). 
There are more than 140 industrial gamma irradiation facilities in more than 40 
countries. The majority of these units are used to sterilize disposable medical supplies. 
Approximately 29 of these irradiators are being used to irradiate food for commercial use in 
23 countries. The U.S. has approximately 40 licensed irradiation facilities, but only 16 
irradiate food commodities. Food Technology Services (formally Vindicator) in 1992 was the 
first food irradiator to be commissioned in the U.S. The following year the first pilot food 
irradiator began operation at Iowa State University. Since the early 1990's, other irradiation 
facilities have been built or are being built in various locations of the U.S. (ADA, 1996; 
Loaharanu, 1989). 
Currently all irradiated food products must bear the Radura (Fig. 1) on the label. This 
symbol is the intemational symbol signifying that a food commodity has been treated with 
ionizing radiation. Labeling also requires the words "Treated with Radiation" or "Treated by 
Irradiation" and "Keep Refrigerated" or "Keep Frozen" be present on the label. If irradiated 
ingredients (i.e., spices and seasonings) are added to foods that have not been irradiated, no 
special labeling of the product is required (Pauli and Tarantino, 1995). 
Consumer acceptance 
A lack of knowledge and a fear of irradiation technology among some consumers have 
led to the public's uncertainty about food irradiation. Food irradiation is often associated 
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Fig. 1—Radura symbol 
to the atomic bomb, the nuclear industry, and nuclear accidents. This relationship makes a 
portion of the population skeptical of the safety of food irradiation and acts as a catalyst for 
consumer activists. Organizations against food irradiation, such as Food & Water, Inc. and 
The Center for Science in the Public Interest, have been very successful in slowing the 
entrance of irradiated food into the market place. They have had a strong voice in all media 
trying to persuade consumers away from food irradiation. These consumer groups have 
generalized, misinterpreted scientific data concerning all aspects of food irradiation, and have 
turned the matter into a political, psychological, and emotional issue (Sapp, 1995; Lagunas-
Solar, 1995). 
In contrast to what activists groups want the public to believe, the entrance of limited 
quantities of irradiated products into the marketplace has proven that consumers willing 
accept irradiated foods. In 1992, irradiated strawberries were sold at a grocery store in North 
Miami Beach, Florida. Despite protest from activists, very little merchandising, promotion, 
or consumer education, 1,000 pints of strawberries were sold over a six-day period. A year 
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later, Carrot Top, Inc., a Chicago-based market, was selling irradiated strawberries over 
conventional strawberries at a 20:1 ratio. Carrot Top, Inc. made history in September 1993 
by offering irradiated fresh raw chicken for sale. Despite a minimum amount of promotion 
and education materials, the irradiated chicken sold well (Marcotte, 1992; Pszczola, 1993). 
Market surveys have demonstrated that consumers are willing to accept irradiated 
foods. Studies in the U.S. indicate that the number of consumers concerned about the safety 
of irradiated food has continually declined over the past 10 years (Bruhn, 1995a). However, 
consumer knowledge of the process and its advantages are limited. In a survey conducted by 
Resurreccion et al. (1995), 72% of the respondents were aware of food irradiation, but among 
those, 87.5% indicated they did not know much about the technology. Respondents were 
decisive about which commodities needed to be irradiated. Over 50% of the respondents 
considered irradiation of fhiits and vegetables to be unnecessary. In contrast, approximately 
72% of the respondents considered the irradiation of poultry, beef, and pork very necessary 
or somewhat necessary. Hashim et al. (1995) supported these results, reporting that about 
84% of the participants considered it somewhat necessary or very necessary to irradiate raw 
chicken. Through education programs, most consumers increased dieir willingness to 
purchase irradiated products. However, education did not alter the willingness to purchase of 
those strongly opposed to food irradiation (Bruhn and Schutz, 1989). 
Surveys have indicated that consumers are more concerned about other food safety 
issues, such are additives/preservatives, pesticides/herbicides, animal drug residues, growth 
hormones, and bacteria than with food irradiation. Additionally, consumers are more 
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concerned about worker and environmental safety than consuming irradiated foods. Once 
accurate scientific-based information about food irradiation is presented to the public and 
health professionals support its use, the willingness of consumers to purchase irradiated 
commodities will increase (Bruhn 1995a,b; Schutz et al. 1989; Resurreccion et al. 1995). 
Survey reports have suggested that consumers are willing to pay more for irradiated 
foods. Resuneccion et al. (1995) reported that 38% to 42% of the consumers willing to 
purchase irradiated food would pay 1% to 5% more, and over 10% of the respondents would 
pay up to 10% more than they pay now. Similar results were reported by Hashim et al. 
(1995), who found that 44% of the participants were willing to pay the same price for 
irradiated chicken as for unirradiated. But, about 42% of the studies participants were willing 
to pay about 5% or more than what they are currently paying for irradiated products. 
Technical Aspects of Irradiation 
What is irradiation? 
Food irradiation is a process that employs a specific form of electromagnetic radiation 
termed ionizing radiation. To understand what ionizing radiation is, it is first necessary to 
understand the definition of ionization and radiation. The term ionizing refers to the process 
of ionization, which is when one or more orbital electrons are ejected from an atom or 
molecule resulting in the formation of charged, or ionized particle(s). The term radiation 
describes the propagation of energy through space or matter. There are two basic types of 
radiation: 1) electromagnetic and 2) corpuscular. Electromagnetic radiation involves the self-
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propagation of energy bundles traveling through space or matter in a wave motion involving 
oscillating electric and magnetic fields. The energy bundles are known photons and contain 
no mass or electrical charge. The most common types of electromagnetic radiation are visible 
light, microwaves, radio waves, electric power, and ultraviolet rays. Corpuscular radiation 
involves particles that have mass and contain an electrical charge, which in motion possess 
kinetic energy. These particles travel through matter transferring their kinetic energy to other 
molecules or atoms by physical collisions. The most common types of corpuscular radiation 
are electrons, protons, neutrons, and alpha particles (Urbain, 1986; Olson, 1995; CAST, 
1986; Satin, 1996). Therefore, ionizing radiation refers to photons or particles containing 
enough energy to eject orbital electrons from atoms and molecules when traveling through 
space or matter (i.e., meat). These electronically excited molecules can then undergo chemical 
changes and can subsequently transfer the remaining energy to another molecule to ionize 
another electron. Radiation-induced changes to the chemical structure of molecules or atoms 
are the basis of food irradiation (Urbain, 1986; Olson, 1995). Throughout the remainder of 
this dissertation, the term irradiation and ionizing radiation will be used interchangeably. 
Dose and dose rate 
The most important factor in the irradiation process is the amount of energy that is 
absorbed by the medium (i.e., meat) termed absorbed dose. Absorbed dose is measured in 
units of Gray (Gy) in the International System, which equals 1 joule of energy per kilogram 
of food. The older unit of measure was the rad (radiation absorbed dose) which equals 100 
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ergs of energy absorbed per gram of material. The conversion from rad to Gy is (Olson, 
1995;Diehl, 1995): 
100 rad = I Gy 
or 
1,000 rad (1 krad) = 0.01 kiloGray (0.01 kGy) 
or 
1 million rad (1 Mrad) = 10 kGy. 
For the purposes of meat irradiation, the kiloGray (kGy) is most commonly used. 
The eV (electronvolt) is the unit of energy used to measure and describe the energy of 
electrons and other types of radiation. The energy of 1 eV is equivalent to the kinetic energy 
acquired by an electron to be accelerated through a potential difference of 1 V. The eV is a 
very small unit of energy; therefore, it is common to use MeV (megaelectronvolt = MeV) 
(Diehl, 1995). The amount of energy which an electron contains (i.e., larger MeV) is directly 
related to its depth of penetration in matter. For example, a 5 MeV electron can penetrate 
approximately 2.5 cm of water, whereas, a 10 MeV electron can penetrate approximately 5.2 
cm of water. 
Three general irradiation application/dose categories have been developed to describe 
different usage levels of irradiation (Satin, 1996): 
1—Low dose, up to =1 kGy 
• sprout inhibition 
• delay of ripening 
• insect deinfestation 
2—Medium dose, I kGy to 10 kGy 
• reduction of spoilage microorganisms 
• reduction of non-spore-forming pathogens 
• delay of ripening 
3—High dose, 10 kGy to 50 kGy 
• achieve commercial sterility 
The amount of time a product is exposed to and the strength of the radiation source 
controls the absorbed dose. The dose absorbed per unit of time is referred to as the dose rate. 
Gamma radiation sources provide a relatively low dose rate, typically 100 Gy to 10,000 Gy 
per hour. Whereas, electron accelerators provide a high dose rate, typically 10"* Gy to lO' Gy 
per second (Diehl, 1995). Therefore, irradiating a product to a particular dose in a gamma 
radiation facility might take hours, whereas, the same product irradiated to the same dose 
level in an electron accelerator facility could be irradiated in a matter of seconds or minutes. 
The uniformity of the absorbed dose is measured by the ratio of maximum dose to 
minimum dose (i.e., max:min ratio). Simply, the lower the maxrmin ratio, the more evenly 
distributed is absorbed dose. The magnitude of the maxrmin ratio is dependent upon product 
thickness and density. A specified max:min ratio for a product predetermines the thickness 
of the product to be irradiated (Olson, 1995). 
Radiation Sources for Food Irradiation 
Sources applicable to food irradiation 
Not all types of ionizing radiation are suitable for irradiating foods. Several criteria are 
used to determine which radiation sources are applicable for food irradiation. First, the 
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radiation source must posses enough energy to induce ionization. Secondly, the radiation 
source must be able to penetrate deep enough into the food product. Thirdly, the radiation 
source can not induce radioactivity in the food product. Applying this set of criteria to the 
electromagnetic spectrum, radio waves, infrared, and visible light are not applicable radiation 
sources to used for food irradiation because these types of radiation can not induce 
ionization. Ultraviolet light can cause ionization, but it has an extremely shallow penetration 
capability. Therefore, ultraviolet light is not applicable to food irradiation, but can be used to 
reduce bacterial populations on product surfaces. X-rays and gamma rays are applicable to 
food irradiation because they posses sufficient amounts of energy to cause ionization and 
have deep penetration potentials. Another form of energy that is applicable to food 
irradiation is accelerated electrons. Electrons have a reasonable penetration depth and can be 
accelerated too high enough energy levels to induce ionization (Proctor and Goldblith, 1951; 
Olson, 1995; Diehl, 1995). 
Characteristics of radiatioD sources 
Gamma rays 
Gamma rays are produced as radioactive isotopes such as '^'Cs and ®°Co naturally 
decay. Cesium isotopes are produced in nuclear fuel as a result of fission of uranium. They 
are recoverable as a waste product during reprocessing of reactor spent-fuel rods. There are 
only a few nuclear fuel-reprocessing plants in the world and the capacity for exacting '^^Cs is 
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very limited. As a consequence quantities of '^'Cs are limited and are rarely used in 
commercial gamma facilities (Diehl, 1995; Jarrett, 1982). 
In contrast, radioactive cobalt is readily available. Radioactive ^^Co is produced in nuclear 
reactors by bombarding slugs or pellets of stable, monoisotopic cobalt, ''Co, with neutrons 
for 1 to 1.5 years. The activated cobalt pellets are then twice encapsulated in a stainless steel 
liner in the form of a pin or pencil. Cobalt-60 is water-insoluble, thus presents very little risk 
to environmental contamination and aids m cleaning if a pin would leak. The half-life of ®°Co 
is 5.27 years; therefore, an annual replacement of 12.4% is necessary to maintain the source's 
original strength (Jarrett, 1982; Diehl, 1995). 
In principle, '^'Cs and ®°Co isotopes operate similarly in an irradiation facility. As 
mentioned earlier, '^'Cs and ®°Co emit gamma rays in the form of photons. Two photons per 
®°Co decay are omitted which have energy levels of 1.17 MeV and 1.33 MeV (one 0.66 MeV 
photon for '^'Ce). Photons travel at the speed of light and have no mass or electrical charge. 
These physical properties allow photons the ability to achieve deep penetration potentials. 
The absorbed dose from a photon is highest at the surface and then diminishes exponentially 
as it penetrates through the product (Fig. 2). As photons move through a product, the same 
percentage of irradiation (approximately 50%) is absorbed at equal increments of thickness. 
The penetration depth is measured by the number of photons, which transmit without loss of 
energy through the product. This depth is referred to as the half-thickness value. For 
example, water has a density of 1.0 g/cm^ and has a half-thickness value of 10.9 cm, which 
means at a depth of 10.9 cm, 50% of the photons have not lost their energy. Therefore, at an 
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Dose 
YRays ^  
Product thickness 
Fig. 2—^The approximate exponential attenuation of dose with depth from one-sided gamma 
irradiation (McLaughlin et al., 1989) 
approximate depth of 36 cm, 10% of the photons have not lost their energy. Since irradiation 
doses are additive, products can be irradiated from two sides which would accommodate an 
increased product thickness and a more efficient usage of the radiation source (Jarrett, 1982; 
Olson, 1995; Diehl, 1995). 
Accelerated electrons 
As discussed earlier, corpuscular radiation is the other form of radiation. Of the types 
of corpuscular radiation, electrons are the only ones that can be practically applied to food 
irradiation. But in order for electrons to be used in food irradiation applications, they must 
be accelerated to energy levels of at least 3 MeV and a maximum of 10 Me V. The energy 
level to which the electrons are accelerated dictates the penetration depth of the 
electrons—with higher energy, the penetration potential is deeper. For example, electrons 
that have an energy of 5 MeV can penetrate a thickness of 2.5 cm, whereas, a 10 MeV 
i 
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electron can penetrate a thickness of 5.2 cm in a medium with the density of water. Figure 3 
shows the absorption curves for electrons at various energy levels. In contrast to photons, 
the maximum dose electrons achieve is under the surface. This increase occurs because, 
collisions between electrons and the absorber material creates an electron back scattering 
effect directly under the surface of the absorber. Since irradiation dose is additive, a product 
could be irradiated from two sides to achieve greater penetration of the products (Diehl, 1995; 
Olson, 1995). 
There are two basic types of high-energy electron accelerators: 1) direct cunent (DC) 
and 2) microwave or radio frequency (RF) linear accelerator (linac). Regardless of the 
accelerator type, electrons are generated and directed towards the target. Electrons are 
emitted from an electron source, which is a heated wire filament termed an "electron gun". 
They are then pushed from the negative end to the positive end of an evacuated vacuum tube. 
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Fig. 3—Depth dose distribution of electrons with different energies in water irradiated from 
one side (Diehl, 1995) 
20 
Once the electrons are accelerated to approximately the speed of light, the electron beam (e-
beam) can be manipulated in a number of ways. Electron accelerators have many 
environmental advantageous over a gamma facility, but they require additional mechanical 
systems. Heat must be removed because it can lead to instability or loss of power in the 
accelerator. A circulating water system must be functional to control temperature 
fluctuations to less than 0.5°C. In-coming electricity must be monitored for fluctuations and 
stability. Failure in any of these systems will lead to e-beam failure and downtime. Back-up 
systems (i.e., electrical power, vacuum pumps, water coolers, etc.) must be in place to safe­
guard against machine failure and machine damage (Ramler, 1982; Diehl, 1995; Olson, 1995). 
X-rays 
Due to the regulated energy levels at which electrons can be accelerated, their 
penetration depth is limited. Because of their shallow penetration depth, accelerated 
electrons can not be used to irradiate animal carcasses, thick materials, or pallet loads. This 
limitation can be overcome by converting the accelerated electrons to x-rays (Diehl, 1995). 
Placing a heavy metal target, such as copper, tungsten, or tantalum, between the e-beam and 
the product will produce Bremsstrahlung x-rays. As the electrons pass through the target, 
they are converted to x-rays, which have similar physical and penetration characteristics as 
photons. However, converting electrons to x-rays is not without limitations. A significant 
amount of heat is produced in the metal target that decreases the conversion efficiency. The 
conversion of accelerated electrons to x-rays is relatively low, less than 10%. Development 
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research is being conducted to increase the conversion efficiency and over heating problems of 
the metal target (Diehl, 1995; Olson, 1995). 
Chemical Effects of Ionizing Radiation 
A distinction between accelerated electrons and photons (gamma and x-ray) should be 
mentioned. Both induce ionization, but by different mechanisms. When high-energy 
electrons are absorbed by a medium, the incident/primary electron losses its kinetic energy by 
interacting (i.e., colliding) with molecules and atoms in the medium. When the primary 
electron collides with an orbital electron in the medium, energy is transferred from the 
primary electron to the electron in the medium, which causes an ionization event to occur. 
When ionization occurs, an electron (i.e., secondary electron) is ejected, generating a charged 
radical. The ionized secondary electron carries a large portion of the energy of the incident 
electron. The secondary electron can also interact with other molecules or atoms in the 
absorber, causing additional ionization's to occur. A result of repeated collisions between the 
primary electrons, the secondary electrons, and the absorber material, the direction of the 
electrons are changed multiple times creating a scattering effect, which will distribute the 
ionization effects evenly throughout the absorber material. This process will continue until 
all of the kinetic energy of the incident and secondary electrons has dissipated (Urbain, 1986; 
Diehl, 1995). 
Unlike electrons, gamma and x-ray photons interact with the absorber medium by 
three different types of interactions: 1) photoelectric effect, 2) pair production, and 3) 
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Compton effect. In the photoelectric effect, the photon gives up all of its energy in one 
collision with a molecule or atom in the medium. Photoelectric absorption occurs largely with 
photons containing energies below 0.1 MeV and absorbers having low molecular weights. 
Pair production involves the absorption of a photon and the subsequent formation of matter, 
one electron and one positron. Pair production primarily occurs when photons have energies 
greater than 10 MeV. The photoelectric effect and pair production have minimal importance 
in food irradiation, because of the energies at which each occurs. 
The Compton effect is the predominate mechanism by which photon ionization 
occurs in food. In the Compton effect, only part of the incident photon's energy is 
transferred to the ionized electron of the absorber molecule. After the collision, the direction 
of the incident photon is changed and it contains approximately 50% of its original energy. 
The incident photon and ejected electron both (i.e., primary electron in the case of gamma 
radiation) contain sufficient quantities of kinetic energy to cause additional ionization events. 
For example, if the incident photon contains 1 MeV of energy, then the Compton or primary 
electron contains about 1/2 MeV. And, if it only requires about 10 eV to eject an electron, 
than thousands of electrons can potentially be ejected. Therefore, one photon is responsible 
for ten of thousands of ejected secondary electrons. The Compton effect accounts for the 
majority of ionization events in gamma and x-rays because it is associated with energies 
between 0.1 MeV and 10 MeV (Taub, 1983; Urbain, 1986; Diehl, 1995). 
Regardless of the type of irradiation, the ionization events that occur in the absorber 
material are the same. Energy transfer occurs causing ionization and excitation, which leads to 
irradiation-induced chemical reactions. These chemical reactions can result in the production 
of stable molecules or unstable molecules (free ion radicals) which contain abnormally high 
energy levels. These unstable free radicals may react with like radicals or other molecules in 
the environment. It is these short-lived unstable ions and radicals that are responsible for the 
irradiation-induced effects in biochemical and biological compounds (Taub, 1983; Urbain, 
1986; Diehl, 1995). 
Primary and secondary effects 
Ionizing radiation induces primary (direct) and secondary (indirect) effects in tiie 
absorber material. Primary effects are when energetic electrons from either e-beam or 
Compton electrons tiravel through a sample and come into direct contact with molecules or 
atoms causing ionization events. Primary effects are nonspecific and randomly hit molecules 
and atoms. The free radicals that are produced by primary effects are highly reactive, 
unstable compounds, capable of causing further chemical changes and are short-lived species. 
RHt + irradiation > + e' > 'RH + tT 
Chemical changes caused by free radicals are termed secondary effects. While primary effects 
are nonspecific, secondary effects are dependent on specific chemical structure, the presence 
or absence of impurities, and additives (Taub, 1983; Urbain, 1986; Diehl, 1995). 
Since water is present in all foods, it is of particular interest in food irradiation. The 
products obtained when pure water is irradiated are highly reactive species and are 
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responsible for most of the secondary effects induced by irradiation. When pure water is 
irradiated, the following overall reaction occurs: 
H20(n) + ionizing radiation > 'OH + e'^q + 'H + H2 + H2O2 + HsO"^ 
The 'OH (hydroxyl radical), 'H (hydrogen atom), and e'^q (hydrated electron) are all highly 
reactive and will react with many substances. This reaction occurs in food products and 
accounts for a significant portion of the secondary effects. However, in dehydrated or frozen 
foods, the secondary effects caused by water are limited due to its availability and 
immobility. In these cases, primary effects are principally responsible for the chemical 
changes (Diehl, 1982; Simic, 1983; Urbain, 1986; Diehl, 1995). 
The presence or absence of oxygen in and surrounding the product during the 
irradiation process has a significant impact on secondary chemical effects and ultimately on 
finished product quality. Radiolytic products, primarily ionized water, readily come in 
contact with oxygen from the air and molecular oxygen in the food material. Radicals firom 
ionized water can attack oxygen to form a variety of radical compounds. Hydrogen atoms 
can reduce oxygen to form hydroperoxyl radicals, 
•H + O2 >*H02 
hydrogen radicals are then in equilibrium with superoxide anion 
•HO2 > It + *02" 
or hydrated electrons can form superoxide radicals in the presence of molecular oxygen. 
eaq + O2 > *02 
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These radicals are strong prooxidants and their production should be minimized to control 
autoxidation. The autoxidation of macro- and micro-nutrients becomes a concern especially in 
foods that contain a high percentage of lipids, because off-flavors, rancid flavors, and off-
odors can be produced. Therefore, the amount of oxygen present during irradiation should be 
minimized to prevent the production of negative chemical changes (Diehl, 1982; Nawar, 1983; 
Urbain, 1986; Diehl, 1995). 
Effects of Irradiation on Food Components 
Carbohydrates 
Carbohydrates are made up of a series of simple sugars, which are joined together by 
glycosidic bonds. The major effect of irradiation on carbohydrates is the degradation of 
glycosidic bonds. Radiolytic degradation of polysaccharides occurs when radiolytic radicals 
cause oxidation and hydrolysis of glycoside linkages. This attack on the glycosidic linkages 
result in the cleavage of saccharide unit(s) and the breakdown of complex carbohydrates. 
Reducing the size of carbohydrates is not unique to irradiation, but is common to most types 
of processing treatments. These changes to complex carbohydrates can have both positive 
and negative effects. For example, irradiated can positively effect starch and cellulose 
increasing their susceptibility to enzyme hydrolysis. Examples of negative effects are, lose of 
gelling properties by pectin, reduced viscosity of starch, and softening of fruits and 
vegetables. However, changes in quality characteristics of carbohydrates due to low- and 
medium-dose irradiation are minimal (Urbain, 1986; CAST, 1986; Murano, P., 1995). 
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Proteins 
Proteins are comprised of amino acids linked together by peptide bonds to form 
complex molecules which are fundamental to the structure and function of cells. These linked 
amino acids then usually fold and/or twist together to take on a three-dimensional shape. 
Irradiation can cause changes in proteins, but the changes are irradiation-dose dependent. At 
high dose levels, irradiation breaks hydrogen bonds and other linkages resulting in 
deamination. At medium-dose levels, the three-dimensional structure of the protein can be 
denatured. If either of these two effects occur, loss in protein functionality could be 
observed. At low irradiation dose levels, minor denaturation of proteins occurs. It also has 
been reported that enzymes structure and functionality are unaffected by irradiation at low 
doses. It has been concluded the effects induced by irradiation on proteins are similar to 
those observed with traditional preservation methods (Urbain, 1986; CAST, 1986; Murano, 
P., 1995). 
Lipids 
Lipids are primarily composed of three fatty acids that are attached by carbonyl 
groups to a glycerol backbone to form a triglyceride molecule. The exact structure of the 
triglyceride molecule can vary significantly in its chemical and physical properties. 
Nevertheless, primary and secondary irradiation effects apply to lipids. Similar to 
carbohydrates and proteins, primary or incident irradiation cleaves hydrogen bonds, but only 
at high dose levels. Secondary effects have the major impact on lipid stability, because free 
radicals can readily induce oxidation. Cleavage of the triglyceride molecule occurs 
preferentially at the bonds in the vicinity of the carbonyl group but can also occur at other 
locations within the molecule. These chemical changes result in the development of rancidity, 
which can lead to undesirable odors and flavors. A majority of the oxidative products 
produced in lipids can be minimized by controlling the environment in which irradiation is 
performed. The presence or absence of oxygen, the phase of the lipid (solid or liquid), dose, 
dose rate, and the presence or absence of antioxidants all are contributing factors which can be 
controlled to minimize irradiation-induced lipid oxidation (Urbain, 1986; Murano, P., 1995; 
Maerker, 1996). 
Vitamins 
Vitamins are unique, in that they are small molecules and are found only in small 
quantities, but are essential for normal biological function. Therefore, their 
flinctionality/availability after irradiation becomes important. Vitamins are generally 
classified as water-soluble or fat-soluble. Similarly to carbohydrates, proteins, and lipids 
secondary free radicals are the primary mechanism for vitamin inactivation. The medium in 
which the vitamin exists determines the type of free radical reactants that effect the vitamin, 
but can also provide a protective effect against loss of activity. Of the water-soluble 
vitamins, thiamine (Bi) is the most radiation-labile. While cobalamin (B12), folacin, and 
pantothenic acid are quite resistant to irradiation-induced destruction. Riboflavin (Bi), niacin 
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(Ba), pyridoxine (Bg), and biotin are only moderately affected by irradiation. Vitamin C 
(ascorbic acid) is unique because it is easily destroyed and converted into dehydroascorbic 
acid by ionizing radiation. This compound contains nearly the same amount of activity as the 
native form of vitamin C. Additionally, vitamin C can act as an antioxidant providing a 
protective effect to other food constituents against free radical attacks. Vitamins A and E are 
the only fat-soluble vitamins affected to any degree by irradiation. Vitamin E (a-tocopherol) 
can act as an antioxidant against irradiation-induce changes, but vitamin activity will be 
reduced or destroyed. As with lipids, controlling oxygen levels, light, temperature, and dose 
can reduce the amount of vitamin destruction induced by ionizing radiation (Simic, 1983; 
Urbain, 1986; CAST, 1986; Murano, P., 1995). 
Effects of Irradiation On Microorganisms 
It has been estimated that the number of cases of foodbome illness originating from 
microorganisms is approximately 12.6 million costing about $8.4 billion annually (Todd, 
1989). Foodbome illness outbreaks from Salmonella, Listeria, and more recently Escherichia 
coli 0157:H7 have intensified consumers concerns about the safety of fresh meat. Fresh 
meat is a near-perfect environment for microbiological growth. Intrinsic parameters such as 
nutrient content, pH, and water activity allow microbial populations to gain, resulting in 
microbial spoilage and creating potential health hazards. Food irradiation is a process that 
reduces or eliminates microorganisms which cause food spoilage (bacteria, yeast, and molds), 
foodbome illness (pathogenic bacteria), and creates a safer food product for consumers. As a 
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positive consequence, the shelf-life of fresh meat can be extended, an increase in hygienic 
quality can be achieved, and a reduction in the use of chemical preservatives can be 
accomplished by food irradiation (Elias, 1985; Dempster, 1985; Murano, 1995a). 
The primary purpose for using ionizing radiation is to reduce and eliminate the growth 
and proliferation of microorganisms, which possess a food health hazard or economical loss. 
In 1964, a group of intemational microbiologists created three major classifications or 
descriptions of microbial destruction by ionizing radiation which are defined as follows 
(Urbain, 1986; Jay, 1992); 
1) Radappertization—Treatment offood with a dose of ionizing radiation sufficient to 
reduce the number and/or activity of viable microorganisms to such a level that very 
few, if any, are detectable by any recognized bacteriological or mycological testing 
method applied to treated food. The treatment must be such that no spoilage or toxicity 
of microbial origin is detectable no matter how long or under what conditions the food 
is stored after treatment, provided it is not recontaminated. 
Radappertization is essentially radiation-sterilization or "commercial sterility" as it is 
understood in the canning industry. However, it does not include the inactivation of viruses, 
bacterial toxins, mycotoxins, or enzymes. Irradiation levels in this category are > 10 kGy. 
These large doses are necessary to inactivate endospores and exotoxins of C botulinum. 
2) Radicidation—Treatment offood with a dose of ionizing radiation sufficient to 
reduce the number of viable specific non-spore-forming pathogenic bacteria to such a 
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level that none is detectable in the treated food when it is examined by any recognized 
bacteriological testing method. 
Radicidation is equivalent to pasteurization and is used to reduce the number of viable 
specific non-spore-forming pathogens. In this category, the greatest attention has been given 
to the elimination of Salmonella. Typical levels of irradiation to achieve this process are 2.5 
kGy to 10.0 kGy depending on the initial load. 
3) Radurization—Treatment offood with a dose of ionizing radiation sufficient to 
enhance its keeping quality by causing a substantial reduction in the numbers of viable 
specific spoilage microorganisms. 
The ptirpose of radurization is to eliminate spoilage organisms, to delay the onset of spoilage, 
and to extend the shelf-life of the product. Typical irradiation levels used accomplish this are 
1.0 kGy to 5.0 kGy. 
Theory and mechanisms of microbial reduction 
The mechanism by which ionizing radiation destroys bacterial cells is not fully 
understood. There has been many theories postulated and tested to explain the mode of 
lethality, but most of them have not provided sufficient evidence for support. Although, one 
theory has been universally accepted to explain how radiation expresses its lethality effects 
to all forms of life. The theory is known as the "target theory". The "target theory" as it 
applies to biological cells, assumes the existence of a "target" (i.e., a critical molecule) which 
may be randomly hit by a single unit of energy resulting in the inactivation of the biological 
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cell (McNally, 1982; Grecz et al., 1983). It is generally agreed that the critical molecule is 
deoxyribonucleic acid—DNA, 
Radiation damage to DNA can occur by both direct and indirect effects. So-called 
direct effects are a result of direct interactions of ionizing radiation with DNA, thereby, 
initiating a cham of events that leads to biological change and cell death. This mode of 
inactivation dominants when dry spores are irradiated. Indirect effects are a result of 
interactions between radiolytic-generated free radicals and biological compounds. The 
predominance of water in the cytoplasm of vegetative cells, nearly 80%, suggests that 
reactive species formed by the radiolysis of water (hydrogen peroxide (H2O2), hydrogen 
atoms ('H), hydrated electrons (e"aq), and hydroxyl radicals (•OH)) is the predominant source 
of cellular damage (Friedberg, 1985; Diehl, 1995). 
The important biological consequence of ionizing radiation is breakage of DNA 
strands. The majority of these are caused by the breakage of phosphodiester linkages in one 
of the polynucleotide chains. The indirect effects of hydroxyl radicals appear to be the 
primary mechanism in which die hydrolysis of phosphodiester bonds and strand breakage 
occurs. Research has shown that single-strand breakage correlates poorly with the lethality 
caused by radiation, with the exception of viruses. A higher correlation of lethality is 
obtained with double-stranded breaks. It is believed that breakage in double-stranded DNA 
occurs when lesions on opposite strands of the DNA duplex are cleaved by a single direct hit 
which results in the hydrolysis of phosphodiester bonds in both DNA strands. Or when 
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DNA is replicating, because the double strands are separated, potentially exposing each DNA 
strand to radiolytic damage and breakage (Friedberg, 1985). 
Bacterial survival curves 
When a population of microorganisms is irradiated, each photon or primary electron 
will destroy a few of the cells. The reduction of microorganisms by ionizing radiation 
assumes that only direct hits striking the "target" (i.e., microorganism) are responsible for 
producing the lethal effect. So, at low dose levels of irradiation, only a few cells will receive 
direct hits, resulting in only a few cells being inactivated. The number of acmal inactivated 
microorganisms diminishes as dose levels progressively increase because some of the targets 
previously hit will be hit again. However, the same proportions of organisms are inactivated 
with each incremental increase in irradiation dose. Therefore, the number of cells inactivated 
is directly proportional to the amount of the absorbed dose. The relationship between dose 
and surviving fraction is exponential and a plot of dose versus the logarithm of the surviving 
fraction will be a straight line. This line is known as the dose-response curve and can be 
shown mathematically as: 
log— = D 
No Dio 
or 
D D\o = 
logA^o-logA^ 
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Where No is the initial number of organisms present, N is the number of organisms after 
irradiation, D is the absorbed dose and Dio is the dose needed to reduce the population to 
10% (i.e., inactivation of 90% of the population or 1 log cycle) ofNo (Urbain, 1986; Diehl, 
1995). The Dio value is also icnown as the decimal-reduction dose and is used as an index of 
the radiation sensitivity of a particular organism. Since a dose equal to one Dto value \\ill 
inactivate 90% of the population, then a dose equal to two Djo values will inactivate 99% of 
the population, three Dio values will inactivate 99.9% of the population and so on. 
Therefore, if a product had a bacterial load of 10^ and that particular organism had a Dio value 
of 0.1 kGy, then a dose of 0.8 kGy would reduce the bacterial population by 99.999999%. 
Factors which influence microorganism survival 
Biological effects of ionizing radiation effect different organisms differently. The 
sensitivity of a particular organism to ionizing radiation is dependent upon several intrinsic 
and extrinsic factors. The following is a brief review of the major factors that influence the 
sensitivity of biological organisms: 
DNA content 
Radiation sensitivity is influenced by the molecule weight of DNA in a cell. A large 
DNA molecule, provides a larger "target" which increases radiation sensitivity. For example, 
mammalian organisms contain more genetic information than insects, rendering mammals more 
sensitivity to radiation than insects. Radiation sensitivity generally following in decreasing 
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order: animals, insects, parasites, yeast and molds, vegetative bacterial cells, bacterial spores, 
and viruses (CAST, 1989; Diehl, 1995). 
Water content 
As discussed previously, indirect effects of radiation through highly reactive species 
generated from the radiolytic products of water are responsible for many effects. In 
dehydrated foods, free radicals generated from ionized water are relatively immobile. Their 
inability to migrate and react with other compounds drastically limits their effectiveness. 
This can be demonstrated with Salmonella in two foods with distinctly different moisture 
levels. Salmonella in whole liquid egg has a Dio value of approximately 0.5 kGy. But, the 
same organism in a dehydrated food, such as desiccated coconut, has a Dio value of 
approximately 1.34 kGy. The presence or absence of water has an approximately threefold 
difference in the radiation resistance of Salmonella in these products. Also, products with 
chemically-bound water will mimic the chemical and physical properties of a dehydrated 
product. When water is bound and not available for hydrolysis, radiation resistance increases 
(CAST, 1989; Diehl, 1985). 
Temperature 
Temperature effects on irradiation sensitivity are mostly related to the indirect effects 
of radiation and are, therefore, related to water content (Tarte, 1996). As water freezes, its 
mobility is restricted. Consequently, low temperatures suppress the reactivity of free radical 
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intermediates from the hydrolysis of water, primarily hydroxyl radicals. This lack of ability 
to migrate by the free radicals results in a decrease of radiosensitivity by organisms (Urbain, 
1986). Cryogenic temperatures are required to completely inhibit the movement of free 
radicals. At the temperature of liquid nitrogen (-196° C), free radicals are relatively immobile 
and can exist for days. When the temperature during irradiation is raised to the freezing point 
(0°C), free radicals disappear within fractions of seconds (CAST, 1989). The viscosity of 
the food system is also critical to the effectiveness of temperature changes. If viscosity does 
not change appreciably during a change in temperature, there would only be a minor influence 
of temperature on chemical reactions. If the viscosity does change (i.e., thawed to frozen), 
than temperature changes would have a strong influence on radiation sensitivity. However, 
regions that are not completely frozen or which contain supercooled water may exist, 
resulting in free radical mobility (Taub, 1983). 
Dose rate 
Four regions in the dose-rate spectrum have been distinguished, they are (McNally, 
1982): 
Range 1—Ultrahigh dose-rate, using pulsed exposures in fractions of a second. 
Range 2—High dose-rate, used in acute exposures of a few minutes. 
Range 3—Low dose-rate, requiring exposures of hours or a few days. 
Range 4—^Very low dose-rate, using continuous exposure over weeks. 
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Ultrahigh dose-rates actually reduce the lethality of irradiation. This occurs because rapid 
absorption of energy causes the oxygen present to be radiolytically consumed. If rapid 
depletion of oxygen occurs, then it can not be replaced by diffusion of oxygen into the cell to 
maintain the oxic environment. At the lower end of Range 3 and all of Range 4, biological 
cells are able to recover from sublethal damage and grow. This may be because oxygen 
concentrations are replenished or one-hit inactivation processes are more dominant reflecting 
sublethal effects. Dose-rates in Range 2 are more conducive to food irradiation. At these 
dose-rates, changes in radiolytic effects are not observed (McNally, 1982; Urbain, 1986) 
Packaging atmosphere 
Atmospheric gas composition can influence the effectiveness of irradiation. The 
absence or presence of molecular oxygen in the atmosphere is the best known agent to modify 
the response of cells to radiation and produces an effect known as the oxygen effect. The 
oxygen tension present during irradiation effects cells survivability. Highly reactive free 
radicals produced by radiation are capable of interacting with oxygen to produce organic 
peroxides, which are capable of reacting with a variety of proteins leading to inactivation. 
These peroxides increase radiation damage to food components (McNally, 1982; Diehl, 
1995). Even though the presence of oxygen during irradiation decreases biological 
radiosensitivity, it may also induce off-odors and off-flavors due to oxidation (Monk et al., 
1995). To avoid these negative quality changes, vacuum packaging or modified atmosphere 
packaging (MAP) can be implemented. 
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Product composition 
Food components, besides water, affect the indirect action of radiation on bacteria. 
Food components can be regarded as competing with bacteria for the interaction with reactive 
radiolytic products of water. Thus, food components act as an energy absorber and exert a 
protective effect on microorganisms. This competition can significantly effect the Dio value 
and lead to under estimations of Djo values, when a simpler medium system are used (Urbain, 
1986). 
Irradiation Reduction of Microorganisms 
The presence of pathogenic and spoilage bacteria in refngerated meats is, by and large, 
a surface phenomenon reflective of external sources of the flora. Extrinsic factors being 
introduced at the time of harvest and continuing through consumption are responsible for the 
spoilage and potential health hazards of meat. 
Spoilage organisms 
Spoilage organisms present in refrigerated fresh meat are predominantly gram-
negative, psychrotorphs with the following genera being the most important; Pseudomoms, 
Alcaligenes, Acinetobacter, Moraxella, and Aeromonas. Those generally agreed to be the 
primary cause of spoilage are Pseudomoms spp. and Acinetobacter-Moraxella spp., with 
others having relatively minor roles in the spoilage process (Jay, 1992). Research indicates 
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that gram-negative spoilage organisms are relatively sensitive to irradiation. A pronounced 
effect on the reduction and elimination of gram-negative spoilage organisms has been observed 
in meat products by low-and-medium dose irradiation (Niemand et al., 1983; Ehioba et al., 
1988; Lebepe et al., 1990; Lambert et al., 1992; Rodriguez et al., 1993). 
Gram-positive spoilage bacteria such as Lactobacillus spp., Lactococcus spp. and 
Streptococcus spp. are also present, but at lower levels. These bacteria are more resistant to 
irradiation than gram-negative organisms and can be cultured from samples that received a 
low- dose irradiation treatment. Lefebvre et al. (1992) observed that irradiation dose 
increased, the dominant group of bacteria shifted from gram-negative to gram-positive. 
Ehioba et al. (1988) and Thayer et al. (1993) reported that gram-positive organisms 
donainated the bacterial population of pork immediately after being irradiated at 1 kGy and 
persisted during refrigerated storage. Even though gram-positive organisms are more 
irradiation resistant than gram-negative organisms, they can be eluninated from a sample by 
medium-dose irradiation. Table 1 displays the Djo (90% reduction in the population) values 
for some of the more common spoilage organisms. 
Irradiation increases the shelf-life of meat 
Prior to harvesting, muscle tissue from healthy animals is generally considered to be 
sterile. Environmental factors beginning at harvesting lead to product contamination, 
spoilage, and potential health hazards. Meat spoilage is not only a microbial-based problem; 
biochemical reactions are also continually occurring generating negative quality effects. 
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Table 1—Dio values for common spoilage organisms 
Organism Dio value (kGy) Gram stain Reference 
Acinetobacter calcoaceticus 0.26 - Tsuji, 1983 
Aeromonas hydrophica 0.14 - Palumbo et al., 1986 
Enterobacter cloacae 0.18 
- Tsuji, 1983 
Lactobacillus spp. 0.50 + Patterson, 1988 
Moraxella phenylpyruvica 0.86 - Patterson, 1988 
Pseudomonas putida 0.08 - Patterson, 1988 
Streptococcus faecalis 0.68 + Patterson, 1988 
However, in meat systems, microbial spoilage usually occurs before biochemical spoilage; 
thus, making it more of an immediate concern. Fresh meat has a limited shelf-life at 
refrigeration temperatures. Even when it is held at temperatures close to 0°C, it will spoil 
within a few days as a result of bacterial growth. 
Niemand et al. (1983) irradiated minced beef at 2.5 kOy and found that irradiation 
completely eliminated Pseudomonads, Enterobacteriaceae, and B. thermosphacta from the 
samples. It was also reported that total anaerobic and aerobic bacteria were significantly 
reduced, log 4.8 Colony Forming Units (CFU)/g and 4.4 CFU/g, respectively, when irradiated 
at 2.5 kOy. Some bacteria survived the irradiation treatment and showed slow growth. 
However, by day 9 of storage, the irradiated beef samples had lower bacterial counts than the 
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control on day 0. The researchers concluded that ionizing radiation extended the shelf-life of 
minced beef 9 days. 
These results were confirmed by Rodriguez et al. (1993), who studied the shelf-life 
extension of aerobically packaged beef Rodriguez et al. (1993) reported that 2.0 kGy of 
gamma radiation inhibited the growth of Pseudomonads, Enterobacteriacae, and B. 
thermosphacia which allowed the product, on average, 17 more days of shelf-life. Lefebvre et 
al. (1992) also observed an extended shelf-life in ground beef Aerobically packaged ground 
beef was treated with gamma radiation at 1.0 kGy, 2.5 kGy, and 5.0 kGy. Using 10^ CFU 
per gram as a criterion for bacterial spoilage, the control samples exceeded lO' CFU per gram 
on day 0. Whereas, the shelf-life of the ground beef samples that were irradiated with 1.0 
kGy, 2.5 kGy, and 5.0 kGy were 4,10, and 15 days, respectively at 4°C. 
Thayer et al. (1993) studied the effects of gamma radiation on microbial quality of 
vacuum-packaged fresh pork. Pork samples were irradiated using a dose range of 0.57 kGy to 
7.5 kGy. Conventional plate counts did not detect the presence of aerobic and anaerobic 
mesophiles, endospore formers, or aerobic psychrotrophs in any sample that received a dose 
of 1.91 kGy or greater. 
Mattison et al. (1986) characterized the effects of low-dose irradiation (1 kGy) on 
microbial populations in pork loins. Pork loins were vacuum-packaged, irradiated, stored at 
4°C, and sampled at days 2, 7, 14, and 21. In contrast to previous research, Mattison et al. 
(1986) reported that irradiation only reduced and did not eliminate the number of mesophiles, 
psychrotrophs, anaerobic bacteria, and staphylocci. However, a significant difference in 
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population numbers between irradiated and unirradiated pork increased as days of storage 
increased. 
Pathogenic organisms 
The primary reason to utilize any preservation technology is two-fold. First, to 
increase product shelf-life, increasing the time between harvest and consumption. Secondly, 
to create a safer food product by controlling pathogenic organisms which are potential health 
hazards. Similarly to spoilage organisms, gram staining can categorize the sensitivity of 
pathogenic organisms to irradiation. Gram-negative organisms such as Escherichia coli 
0157:H7, Campylobacter jejuni, and Yersinia enterocolitica are more radiation sensitive than 
Listeria monocytogenes or Staphylococcus aureus, which are gram-positive organisms. 
Federal agencies have classified E. coli 0157:H7 as an adulterant and created a zero 
tolerance for its existence in ground beef. Research has shown that £ coli 0157:H7 is the 
most radiation-sensitive pathogenic organism. Thayer and Boyd (1993) studied the effects of 
irradiation dose, temperature, atmosphere, and substrate type on the survivability of £. coli 
0157:H7. Differences in irradiation dose and temperature significantly affected the 
survivability of E. coli. At a dose of 1.5 kGy at -20°C, a 2.64 log reduction was obtained, 
while a dose of 1.5 kGy at +20°C reduced the population 6.76 log. A response-surface 
method analysis equation predicts that at an E. coli 0157:H7 contamination level of 10® CPU 
per gram would be eliminated at a dose of 1.5 kGy administered at 0°C. It was also reported 
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that package atmosphere (air vs. vacuum) and product fat level did not influence the 
survivability of £. coli (Thayer and Boyd, 1993; Clavero et al., 1994). 
Campylobacter jejuni can be found in all major meats, with poultry being the most 
predominant and recognized as a leading cause of acute bacterial gastroenteritis. Lambert and 
Maxcy (1984) and Clavero et al. (1994) reported that C. jejuni was quite sensitive to 
radiation; however, C jejuni inactivation was greatly influenced by the temperature of 
irradiation and substrate composition. Radiation resistance of C. jejuni increased when the 
irradiation temperature was below freezing. But, v/hen the temperature was increased to O^C, 
C. jejuni were significantly more sensitive to radiation. Clavero et al. (1994) reported that C. 
jejuni suspended in high-fat ground beef had higher Dio values than cultures suspended in 
low-fat ground beef. However, in either substrate, C. jejuni was extremely radiation-
sensitive. 
Foodbome illness outbreaks of yersiniosis are caused by the pathogen Y. 
enterocolitica. El-Zawahry and Rowley (1979) evaluated the radiation resistance of Y. 
enterocolitica in tryptic soy broth and ground beef The authors reponed that Y. 
enterocolitica was among the most radiation-sensitive of the foodbome pathogenic organisms. 
In soy broth, Y. enterocolitica had a Dio value of 0.11 kGy when irradiated at 25°C. A greater 
radiation resistance was observed when Y. enterocolitica was suspended in ground beef with 
an average Dio value of 0.30 kGy. The authors concluded that a dose of 2.0 kOy at 5°C to 
25°C would reduce Y. enterocolitica in meat by 10 log cycles. 
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Staphylococcus aureus is a gram-positive, toxin-producing pathogenic bacterium that 
is slightly more radiation-resistant than gram-negative organisms. Staphylococcus aureus is 
unique because its mode of illness is intoxication rather than food poisoning. Therefore, it is 
important to eliminate the organism before toxin is produced (Jay, 1992). Thayer and Boyd 
(1992) studied the effects of irradiation on Staphylococcus aureus. They reported that 
package environment did not significantly effect Dio values. But, the stage of growth was 
important to radiation sensitivity, with cells in the mid-log phase being more susceptible to 
irradiation. Thayer and Boyd (1992) and Lebepe et al. (1990) both stated that a dose of 3.0 
kGy would reduce a 5. aureus population by 6.3 log cycles. Eliminating viable S. aureus 
cells from the raw meat is critical and is necessary before the cells can produce enterotoxin. 
Since irradiation is a cold process, inactivation of the toxin would require significant radiation 
doses. In a gelatin buffer, the enterotoxin was completely inactivated by 8.0 kGy. However, 
in minced beef slurries, 27% to 34% of the enterotoxin remained after the same treatment. 
Even at a dose of 23.7 kOy, 16% to 20% of the toxin remained. It was determined that the 
biological activity of the S. aureus enterotoxin was more resistant to irradiation than C. 
botulium nuerotoxin type A (Rose et al., 1988). 
Huhtanen et al. (1989) studied the gamma-radiation sensitivity of seven strains of 
Listeria monocytogenes in culture media and mechanically-deboned chicken meat (MDCM). 
The radiation resistance of L monocytogenes was significantly higher in MDCM than in 
culture media. The radiation resistance of L monocytogenes is dependent upon the cell stage 
of growth. In rapidly growing cells, the survival curve was quadratic, indicating that 
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irradiation resistance decreased with dose. Whereas, survival curves of cultures in a 
stationary phase were linear, indicating that irradiation resistance increased with dose. It was 
concluded that an absorbed dose of 2.0 kGy would be sufficient to destroy 4 log cycles of 
this organism. Tarte (1996) and Fu et al. (1995b) evaluated the radiosensitivity of different 
strains of Listeria. They reported that certain strains of Listeria could repair sublethal 
damage inflicted by irradiation and that some strains are lethally damaged by the same 
irradiation dose. Tarte (1996) using ground beef as a substrate, demonstrated that L. 
monocytogenes became less radiosensitive as the temperature decreased from 4°C to -78°C. 
In another study conducted by Tarte (1996), a comparison was made between x-ray and e-
beam sources of irradiation for the inactivation of L. monocytogenes. The inactivation of L. 
monocytogenes between the two sources was similar at temperatures above freezing. 
However, at -78°C, the e-beam had a higher Dio value than x-rays. The author suggested 
there is a greater dependence on indirect effects of irradiation for inactivation of L. 
monocytogenes, thus, x-rays are more efficient at subfreezing temperatures. 
Of the most common foodbome pathogens, Salmonella is the most frequently 
encountered and as far as poultry and red meat are concemed and the most radiation-resistant 
of the gram-negative organisms. Hence, any irradiation process designed to eliminate 
Salmonella would also eliminate other gram-negative pathogenic bacteria (Monk et al., 1995). 
The radiation sensitivity of Salmonella has been studied under various environmental and 
packaging conditions. Thayer and Boyd (1991) used temperature and packaging atmospheres 
as variables in a response-surface methodology analysis to predict the number of viable cells 
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that would be destroyed by irradiation. It was estimated that 2.8 log to 5.1 log units of S. 
typhymurium at 0°C would be reduced at radiation doses within the range of 1.5 kGy to 3.0 
kGy. Research has also shown that Salmonella is more radiation-sensitive at higher 
irradiation temperatures and in the presence of air (Kim and Thayer, 1996; Mulder et al., 
1977). 
Achieving a commercially sterile product is based on the concept of reducing all viable 
cells, including spores, by 12 Dio values. Clostridium botulimm spores are among the most 
radiation-resistant. Farkas (1989) stated that irradiation doses up to 10 kGy are unlikely to 
kill all spores of toxigenic bacteria, unless they occur in small numbers. Spores respond 
similarly to other organisms, in that they are more radioresistant in meat substrates than in 
simple buffer model systems. Additionally, spores are more irradiation-temperature 
dependent in meat models than in buffer systems (Anellis et al., 1977). Rowley et al. (1983) 
reported that irradiation can delay the onset of toxin production, noting that some strains of 
C. botulinum are still capable of growth and toxin production at temperatures as low as 3.5°C 
to 5°C. High doses of irradiation are necessary to inactivate botulinum neurotoxin. Rose et 
al. (1988) studied the inactivation of C. botulinum neurotoxin type A and found that 45% of 
the toxin was inactivated at 0.8 kGy. At 23.7 kGy, which is over twice the recommended 
dosage level by WHO, 15% of the neurotoxin was still active. 
Table 2 summarizes the Dio values for the most common foodborae pathogens. 
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Table 2—Dio values for the most coimnon foodbome pathogens 
Organism Range of Dio Gram Reference 
values GcGy) stain 
E. coli0157:H7 0.16-0.27 - Thayer and Boyd, 1993 
Campylobacter jejuni 0.18-0.24 - Clavero et al., 1994 
Yersinia enterocolitica 0.20 - 0.39 - El-Zawahry and 
Rowley, 1979 
Staphylococcus aureus 0.25 - 0.36 + Thayer and Boyd, 1992 
Listeria monocytogenes 0.27-0.55 + Radomyski et al., 1994 
Salmonella 0.62-0.80 - Clavero et al., 1994 
Clostridium botulinum 3.56 + Anellis et al., 1977 
Foodborne parasites 
Foodbome parasitic infections have been known for centuries since visible evidence, 
such as worms, can be seen in fecal material. Ionizing radiation can play an important role in 
controlling parasites in food products, especially foods from animal sources. Trichinella 
spiralis is a nematode that can be derived from raw or inadequately cooked pork. Trichinella 
spiralis can be killed with 7.0 kGy to 9.3 kGy of irradiation in situ, but 0.18 kGy can stop 
the development of larvae to the adult stage and 0.11 kGy sterilizes the female, thus 
preventing reproduction. Other parasites such as the adult beef tapeworm {Taenia saginata), 
swine {Taenia solium), and fish tapeworm {Dipylidam latum) are all destroyed by low-dose 
irradiation (Dempster, 1985; CAST, 1989; Monk et al., 1995). 
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Foodbome yeast and mold 
Yeast and molds are not common to most fresh meats, but are important in the 
production of specialty dry and semi-dry sausages. Molds are generally more resistant to 
irradiation than bacteria, whereas, irradiation has a lethal effect on yeast. Dose levels from 
3.0 kGy to 7.0 kGy are necessary to inactivate Aspergillus, Penicillium, and Rhizopus spp. 
Low-dose irradiation has been shown to have significant effect on yeast in chicken breast 
(Monk et al., 1995). Blank and Corrigan (1995) found that Penicillium and Aspergillus 
species had Dio values of 0.33 kGy and 0.26 kGy, respectively, when irradiated in distilled 
water. While irradiation reduces the mold populations in foods, there appears to be some 
uncertainty about the effects irradiation has on subsequent production of mycotoxins by 
survivors. Reports have indicated that irradiation results in subsequent enhancement of 
mycotoxin production, whereas, still others have reported no effect. Any mold that survives 
treatment with irradiation may be expected to grow more rapidly in the absence of 
competitors and eventually dominate the microflora (Monk et al., 1995). 
Foodbome vimses 
Several outbreaks of foodbome illness have been associated with viruses. Viruses that 
may occur in food products are easily inactivated by conventional heat processing, but since 
irradiation is a cold process the situation is somewhat more complicated. As a general rule, 
the simple or smaller the cell the more radiation resistant it is. Therefore, viruses are highly 
radiation resistant. Their resistance may vary by as much as tenfold depending on a number 
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of factors, such as organic materials in the substrate, temperature during irradiation, and 
availability of water. Studies have shown that hepatitis A virus and rotavirus have Dio values 
of 2.0 kGy and 2.4 kGy, respectively. Djo values for Coxsackie virus in cooked and raw 
ground beef ranged from 6.8 kGy to 8.1 kGy, increasing as the temperature during irradiation 
was decreased (Grecz et al., 1983; Monk et al., 1995). 
Detection of Irradiated Foods 
Finding an analytical mediod to distinguish between irradiated and unirradiated foods 
is an area that is being aggressively investigated. Until recently, methodology to detect 
ionizing radiation was considered unnecessary because documentation from the licensed 
facility, which conducted the treatment, accompanied the irradiated product throughout the 
food chain. However, commercialization of the process, greater international ttade of 
irradiated food, differing regulations relating to use of the technology in many countries, and 
consumer demand have all increased the need to analytically measure absorbed irradiation 
dose levels (Stevenson, 1994). The detection of a product that has been irradiated is an 
extremely complex topic because irradiation does not add anything to the food, leave residual 
residue, or cause any major chemical changes; therefore, detection methods must focus on 
minute chemical changes. In general, a detection method must utilize physical, chemical, 
biological, histological, and morphological changes in the food (Olson, 1998). IAEA issued a 
set of six criterion to determine the validity of the ideal detection method: 1) be specific for 
irradiation and not influenced by other processes or storage, 2) be accurate and reproducible, 
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3) have a detection limit below the minimum dose likely to be applied to the food, 4) be 
applicable to a range of products, 5) be quick and easy to perform, and 6) be capable of 
providing an estimate of irradiation dose (Stevenson, 1994). 
Physical properties of foods are sometimes altered by exposure to ionizing radiation. 
Physical damage to cell membranes may be a potential way to detect irradiated foods. 
Changes in cell structure and function due to irradiation may be measured by histological and 
morphological methods (Olson, 1998). Changes in physical damage potentially could be 
measured by electrical impedance, electric potential, electron spin resonance, viscosity, or 
thermal and near-infrared analysis (WHO, 1994). Electron spin resonance (ESR) is used to 
detect unpaired electrons in reactive species such as free radicals. But since free radicals are 
short-lived, diey must be trapped in hard, relatively dry components of food, such as bone, 
shells or seeds. Desrosiers (1991) reported that ESR could provide a good estimate of initial 
dose absorbed by bone. Morehouse and Ku (1992) studied ESR as a method to detect 
irradiated shrimp. The authors concluded that measuring absorbed irradiation dose in shrimp 
shells by ESR varied significantly from species to species and batch to batch. It was noted 
that handling of the shells drastically influenced the results. 
Natural bacteria flora can be used as a detection method for irradiation treatments. 
Direct epifluorescent filter technique (DEFT) and aerobic plate count (APC) can be used 
together to measure the total viable microorganism population before and after irradiation 
(WHO, 1994). Research has shown that the bacterial populations shift from radiation 
sensitive gram-negative to radioresistant gram-positive organisms a result of irradiation 
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(Ehioba et al., 1988; Lefebvre et al., 1992). Therefore, if a meat sample that normally is 
dominated by gram-negative bacteria contains a relatively large portion of gram-positive 
bacteria, the assumption could be made that the meat had been irradiated. 
o-Tyrosine is produced during irradiation of protein-containing foods and could serve 
as a potential marker for detection of irradiated foods. A study by Chuaqui-Offermanns and 
McDougall (1991) utilized a high pressure liquid chromatography method to quantitate o-
tyrosine development in irradiated chicken meat. Their results showed that a linear 
relationship between yield of o-tyrosine and irradiation dose. 
Another approach to detect irradiated foods is to quantitate lipid derivatives that are 
produced by irradiation. Crone et al. (1992) and Boyd et al. (1991) studied the formation of 
2-dodecylcyclobutanone (DCB), which is a radiolytic product of palmitic acid, in irradiated 
chicken. Both researchers observed a linear relationship between the concentration of DCB 
and irradiation dose. It was reported that DCB was not detected in either raw or cooked 
unirradiated chicken meat, but was confirmed in the irradiated samples. Stable hydrocarbons 
are also formed when lipids are irradiated. Morehouse and Ku (1992) investigated the 
formation of radiolytic hydrocarbons in irradiated shrimp. The authors observed a linear 
relationship between radiolytic hydrocarbons and absorbed dose. They concluded that 
hydrocarbon analysis would be an alternative method for detecting irradiated foods. 
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Myoglobin 
Color of fresh meat 
The color of fresh meat is of upmost importance to the meat industry and is the single 
greatest factor that determines whether or not a cut of meat will be purchased. Consumers 
rapidly assess the visual appearance of fresh meat, which causes an immediate positive or 
negative psychological effect. The consumers' psychologically effect of meat color evaluates 
the product quality for freshness, temperature of holding, and how the product was handled. 
Consumers have learned what the color of fresh meat should be and can easily note any 
deviation from this set standard (Kropf, 1980; Seideman et al., 1984). 
The color of fresh meat is determined principally by two factors—pigment 
concentration and the chemical state of the pigments. The pigments primarily responsible for 
meat color are myoglobin and hemoglobin. In muscle, myoglobin is responsible for 50% to 
80% of the color in fresh meat depending on the function and location of the muscle (Fox, 
1987). Other constituents such as catalase and cytochrome enzymes are also present, but 
their contribution to meat color is minimal (Judge et al., 1989; Bandman, 1987). 
The quantity of myoglobin varies with species, age, sex, muscle, and physical 
activity. Species differences are apparent when the pinkish-gray color of pork is compared 
to the bright cherry-red color of beef. Table 3 displays the concentration of myoglobin found 
in pork, beef, and poultry. 
Myoglobin consists of two components: a globular protein portion and a nonprotein 
portion (Fig. 4). Myoglobin has a molecular weight of approximately 18,000 daltons and is 
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Table 3—Myoglobin concentration of beef, pork, and poultry on a wet tissue basis 
Species mg Myoglobin per gram of wet tissue 
Pork 2.5--7.0 
Young beef 2.0 -4.0 
Mature beef 4.0 -8.0 
Poultry, white meat <0.5 
Poultry, dark meat 2.0 -4.0 
Modified from Romans et al., 1994 and Pearson and Young, 1989. 
MYOOLOflM 
Fig. 4—three-dimensional representation of the complex myoglobin molecule and 
orientation of the heme group within the molecule (Romans et al., 1994). 
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an extremely compact molecule. The globular protein portion (globin) consists of 153 amino 
acids and has a conformation that is approximately 75% a-helical, all right-handed, and three 
nonhelical segments. The main-chain peptide group is planner and the carbonyl group of each 
is trans to the NH. The interior of the helix consists almost entirely of nonpolar amino acids. 
The amino acid residues, which have both polar and nonpolar portions, are oriented so that 
their nonpolar portion points inward. The only polar residues inside myoglobin are two 
histidines, which have a critical function at the heme binding site (Stryer, 1988; Bandman, 
1987). 
The nonprotein portion of myoglobin is the heme group (Fig. 5). Heme consists of an 
organic fraction and an iron atom, which is responsible for myoglobin's distinctive color. The 
heme group is located in a small cleft of the protein and is contacted by 25 amino acid 
residues (Fig. 6). The highly polar propionate side chains of the heme are on the surface of 
the molecule. The rest of the heme is inside the molecule, where it is surrounded by nonpolar 
residues except for two histidines. 
The organic portion of the heme—protoporphyrin is made up of four pyrrole rings. 
The iron atom ui the complex binds to four nitrogens in the center of the protoporphyrin ring. 
The iron can then form two additional bonds, one on either side of the heme plane. These 
binding sites are termed the fifth and sixth coordination positions. The fifth site is linked to 
the imidazole nitrogen of histine F8 at position 93 of the globin protein and is called the 
proximal histidine. The iron atom is approximately 0.3 A out of the plane of the porphyrin 
on the side of the proximal histidine. It is the sixth coordination position that provides the 
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Fig. 5—simpli f ied  schemat ic  representa t ion of  the  heme complex of  the  myoglobin  
molecule. M, V and P represent methyl, vinyl and propyl groups respectively 
(Bandman, 1987). 
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Fig. 6—Site of the heme in the peptide helices of the globin portion. F8 is the proximal 
histidine and E7 is the distal histidine. M, V, and P represent methyl, vinyl, and 
propyl groups, respectively (Bandman, 1987). 
functionality (i.e., binding site) of the molecule. The chemical properties and color of 
myoglobin are determined by what is bound at this site. The histidine (E7) at position 64, 
termed the distal histidine, has great importance because it is directly in front of the heme iron 
but not bonded to it. It is this histidine that provides stability to the iron complex and also 
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stearic hindrance that inhibits other molecules from binding to the heme complex (Stryer, 
1988; Bandman, 1987). 
The iron atom can exist in both ferrous (+2) and ferric (+3) oxidation states. The 
ferrous state forms covalent complexes with molecules that can easily donate an electron pair 
at the sixth coordinate. These covalent complexes are of interest because they are responsible 
for binding oxygen and nitric oxide to form the bright red pigments of fresh meat and cured 
meat, respectively. Iron in the ferric (+3) state forms ionic complexes with molecules, which 
have less of an ability to donate electrons at the sixth coordinate. The ferric complex may 
bind water to produce the brown metmyoglobin (Stryer, 1988; Bandman, 1987). The various 
oxidation/reduction reactions of myoglobin in fresh meat are easily explained by Fig. 7. 
The three most common forms of myoglobin in fresh muscle are native myoglobin 
(deoxymyoglobin), oxymyoglobin, and metmyoglobin. Each of these forms has an distinct 
absorption spectra associated with it. Myoglobin (or deoxymyoglobin) has a diffuse 
absorption band with a maximum at 555 nm. Oxymyoglobin has two sharp peaks at 
approximately 540 nm and 570 nm. Metmyoglobin has an absorption peak at 505 nm and a 
second weaker peak at 627 nm. The absorption spectra of these compounds are shown in 
Fig. 8 (Bandman, 1987). 
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Deoxymyoglobin 
(purplish-red) Fe^'^ 
6th: empty or H2O 
Heat 
Hemochrome 
(greenish-brown to 
grayish-pink) Fe""^ 
6th: empty or H2O 
Oxygenation 
Deoxygenation 
Oxidation 
^ Oxymyoglobin 
(bright red) Fe^"^ 
6th: Oi 
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+ 
Oxygen 
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Metmyoglobin 
(brown) Fe^"^ 
6th: H.O 
Protein denaturation 
(heat) 
Hemichrome or 
Denatured metmyoglobin 
(brown) Fe^"*" 
6th: H,0 
Fig. 7—Chemical changes that can occur to myoglobin (modified from Judge et al., 1989) 
Factors which effect the discoloration of fresh meat 
The color of fresh meat is one of the most important characteristics of meat since it is 
the primary attribute in which a consumers uses to base purchasing decisions. When 
consumers are presented choices, they buy what they perceive as being the freshest. The 
meat industry has done an excellent job training the average consximer that fresh, wholesome 
meat is red/pink. But, when differences in meat color occur, consumers relate those 
differences to product quality and might perceive that product as being lower quality. The 
color of meat can tell a person many things. For example, the bright cherry-red or rich purple 
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Fig. 8—Absorption spectra of the three most common forms of myoglobin in fresh muscle 
tissue (Bandman, 1987) 
of the lean of fresh meat tells the purchaser that this product is desirable, wholesome, and 
edible. In contrast, the brovvn discoloration of fresh meat may indicate microbial spoilage or 
the product has been held beyond its shelf-life. The discoloration of meat can be broken 
down into intrinsic and extrinsic factors. Controlling or the lack of controlling these factors 
will determine the color that develops in fresh meat. 
Intrinsic factors 
Intrinsic factors that influence the color of meat are oxygen tension, pH, histological 
condition, physiological condition, and glycolytic rates. 
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Oxygen tension 
The simplest and most easily reversible discoloration is the brown hue that develops 
when the oxygen partial pressure is reduced and the oxidation to metmyoglobin is favored 
(Fox, 1987). When native myoglobin, the purplish-red pigment, is exposed to the 
atmosphere, it oxygenates to form oxymyoglobin. At high oxygen tensions, oxymyoglobin 
can persist for days before discoloration occurs. If the oxygen pressure is reduced to ~ 4 mm, 
myoglobin will oxidize to metmyoglobin. But, if the partial oxygen pressure reaches zero, 
deoxymyoglobin or native myoglobin will be formed (Lawrie, 1983; Fox, 1987). 
Respiratory rates 
The respiratory activity of meat significantly affects the color. Differences between 
species and muscles in their ability to form metmyoglobin can be related to inherent 
differences in the concentration of mitochondria, in the activity of mitochondrial enzymes, 
and in the content of accessory factors. These biochemical systems can either accelerate 
metmyoglobin formation by lowering the concentration of available oxygen or expedite the 
removal of metmyoglobin. Differences among muscle groups in respiration or glycolytic 
mechanisms in vivo will determine their pattern of enzymatic activity post-mortem (Lawrie, 
1983). O'Keeffe and Hood (1982) studied the respiratory activity in bovine psoas major and 
longissimus dorsi as it relates to meat color. They observed that psoas major had a higher 
rate of oxygen-utilization in post-mortem muscle and a lower metmyoglobin-reducing 
capability; therefore, having a greater tendency to form metmyoglobin on storage. In 
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contrast, longissimus dorsi was observed to have relatively low oxygen utilizing ability, but 
greater capacity to reduce metmyoglobin once it has formed. Owen and Lawrie (1975) stated 
that the extent of post-mortem glycolysis was important. They showed that porcine psoas 
major while having a greater oxygen utilization capacity than longissimus dorsi, is much less 
likely to form metmyoglobin during storage because it usually has a higher ultimate pH. This 
reduces the tendency for myoglobin to oxidize and increases metmyoglobin-reducing activity. 
Muscle morphology and pH 
The effect of pH and morphology of muscle on fresh meat color are closely related. 
The final ultimate pH of meat is largely influenced by environmental conditions that occur 
immediately prior to slaughter and/or postmortem. The two most prominent abnormal 
muscle conditions are known as: PSE (pale, soft, and exudative) which is associated with a 
low ultimate pH and DFD (dark, firm, and dry) which is caused by a high ultimate pH. PSE, 
commonly observed in swine, is a condition in which a rapid decline in muscle pH occurs 
while the temperature of the carcass is still high. An accumulation of lactic acid results in a 
low pH, which leads to denaturation of sarcoplasmic and myofibrillar proteins. Due to the 
low pH, the myofibrillar structure is more "open" which causes light to scatter, creating the 
appearance of a pale-colored muscle. In addition, the low pH will also cause myoglobin to be 
more readily oxidized to metmyoglobin (Seideman et al., 1984). 
The condition opposite to PSE is DFD and is caused by a high ultimate muscle pH. 
In this case, muscle glycogen is depleted prior to slaughter and prevents "normal" rigor mortis 
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to occur. As a result, the muscle fibers are on the alkaline side of their isoelectric point, bind 
more water, and swell, thereby becoming tightly packed together fonning a barrier to the 
diffusion of oxygen and the absorption of light. The muscle does not bloom as well upon 
exposure to oxygen because the high pH limits the combination of oxygen and myoglobin 
(Seideman et al., 1984). The high ultimate pH also enhances oxygen utilization by the 
mitochondria, leaving less available oxygen to combine with myoglobin (Lawrie, 1983). 
Extrinsic factors 
There are also extrinsic factors that can cause meat to discolor, among which are metal 
ions, bacteria, salt, light, temperature, and inert gases. 
Metal ions 
Metal ions such as copper, iron, zinc, and aluminum can catalyze the oxidation of 
oxymyoglobin to metmyoglobin. It has been proposed that the presence of a cation in the 
heme complex facilitates the electron transfer from iron to oxygen. Since these metals are not 
common to most food processing equipment, the possibility of contamination and 
discoloration is minimal (Fox, 1987). 
Bacteriological 
In a review by Seideman et al. (1984) it was noted that bacteria cause discoloration of 
meat during the logarithmic growth phase. It was suggested that this occurred because the 
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high oxygen demand of aerobic bacteria in their logarithmic growth phase coincided with 
metmyoglobin formation. Certain species of bacteria such as Pseudomonas sp., 
Achromobacter faciens, and Flavobacterium rehemnus have been shown to discolor meat by 
reducing the oxygen tension the meat surface. Whereas, anaerobic organisms such as 
Lactobacillus plantarum did not cause metmyoglobin formation because it does not consume 
oxygen in any appreciable amounts (Walker, 1980; Seideman et al., 1984). Besides inducing 
the formation of metmyoglobin, some bacteria produce by-products that can oxidize the heme 
molecule and attach to the free binding site of heme. Two of the most common by-products 
are hydrogen peroxide (H2O2) and hydrogen sulfide (HiS). Hydrogen peroxide in the tissue, 
under mild acid conditions, will react with myoglobin to produce hydroperoxymetmyoglobin. 
Hydrogen sulfide combines with myoglobin to form a green pigment termed sulfinyoglobin. 
Hydrogen peroxide and hydrogen sulfide both produce green pigments, but by different 
mechanisms. Hydroperoxymetmyoglobin oxidizes the distal histidine, whereas a sulftiydryl 
group is added to the prophyrin ring when sulfinyoglobin is formed (Walker, 1980; Seideman 
et al., 1984; Fox, 1987). 
Salt 
Salt is a pro-oxidant for heme pigment oxidation and causes meat to turn brown. Two 
modes of action have been suggested. First, the denaturing of enzymes, thus stopping 
glycolysis and respiration. Slowing or stopping glycolysis results in a decreased uptake of 
oxygen thus promoting low oxygen tension and oxidation of myoglobin. Secondly, salt 
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increases the water-holding capacity of meat proteins, causing tissues to swell and became 
tightly compacted. Similar to the situation with DFD, oxygen can not penetrate swollen 
muscle fibers to oxygenate myoglobm that result in a more translucent and darker appearing 
product (Seideman et al., 1984; Fox, 1987). Thu-dly, salt may also alter the three-dimensional 
globin; therefore, changing the histidine stabilization effect. 
Inert gases 
As the need to extend the shelf-life of meat has increased, researchers have 
investigated the use of modified atmosphere packaging (MAP) which incorporates inert gases 
into the package. The most commonly used inert gases are carbon dioxide and nitrogen; 
however, they will impart discoloration effects to fresh meat (Seideman et al., 1984; Fox, 
1987). In the review by Seideman et al. (1984), it was noted that carbon dioxide is beneficial 
in siu^Dressing bacterial growth, but induces a grayish tinge in fresh meat. Seideman et al. 
(1984) cited research that suggested carbon dioxide lowers the pH of meat which, results in 
precipitation of some of the sarcoplasmic proteins, creating a grayish color. Nitrogen 
utilization in MAP packages reduces the partial oxygen pressure and results in meat turning 
brown (Fox, 1987) 
Other oxides such as carbon and nitrogen oxides, which are commonly found in 
exhaust frimes from combustible gases, can discolor fresh meat. If these oxides exist in high 
enough concentrations, they can bind with myoglobin to form pigments that resemble cured 
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meat pigments. In addition, ammonia from leaks in refrigeration systems can cause 
discoloration to occur. Modem refrigerants such as Freon have no effect on meat pigments. 
Light 
Consumers often relate discoloration of meat in the retail case to bacterial growth 
when, in fact, it is a combination of several factors, primarily oxygen pressure, enzyme 
activity, temperature, and light. Light discoloration of fresh meat is an unresolved area of 
research. Many researchers have studied the effects of various types of light, intensity of 
light, and display time on meat color. It can be shown that under normal illuminated 
conditions, discoloration is slight and the amounts of brown pigments produced are difficult 
to quantify. Kropf (1980) indicated that display lighting effects could result from; 1) 
temperature elevation at the meat surface, 2) photochemical effect, and/or 3) differences in 
light rendition because of different spectral energy distribution pattems. 
Incident light causing meat to discolor is a minor factor but can contribute to the 
overall discoloration of meat. In a review by Giddings (1977), the photochemical effect is 
described as an interaction between photoenergized molecules such as riboflavin and 
semiquinone and heme pigments. These energized molecules contain sufficient energy to 
oxidize oxygenated myoglobin causing metmyoglobin to form. 
The type and intensity of light at the surface can manipulate the color of meat. 
Different sources of light have imique spectral energy distributions, which causes meat to 
have different reflectance spectra profiles. Kropf (1980) reviewed a multitude of literature 
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concerning meat color and light sources. He indicated that meat illuminated with Soft White 
and Warm White fluorescent lighting resulted in relatively large rate constant of autooxidation 
of purified bovine, ovine, and porcine myoglobin. In contrast, pink or red fluorescent lighting 
or incandescent lighting did not increase autooxidation rate constants. 
Temperature 
Similar to other biochemical reactions, an increased temperature favors oxidation of 
myoglobin. Seideman et al. (1984) stated that any condition (i.e., elevated temperatures) that 
causes the denaturation of the globin moiety of oxymyoglobin will result is deoxymyoglobin. 
Deoxymyoglobin is slightly unstable and the heme portion is relatively unprotected resulting 
in spontaneous oxidation to metmyoglobin. Walters (1975) posmlated that acmal oxidation 
is caused by the activity of oxygen-utilizing enzymes inherent to muscle tissue. It is the 
activity of these enzymes, which is increased with increasing storage temperature, which 
contributes to lowering the oxygen tension at the meat surface. Conversely, low temperature 
storage suppresses the activity of oxygen-utilizing enzymes and inhibits the deoxygenation of 
oxymyoglobin (Lawrie, 1985). 
Muscle Fiber Types 
The color of muscle varies and may be described as ranging from red to white. The 
fibers which compose muscle are not homogeneous, but are heterogeneous mixtures of 
different fiber types. The proportions of these types of fibers determine the biological 
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properties of the muscle. (Cassens, 1987). There are several different muscle fiber types, 
including red, white, and intermediate. For the purposes of this literature review, only red 
and white muscle fiber types will be discussed. 
Muscles differ from each other in the following ways: color (red or white), shade 
(dark and light), granularity (high and low), amount of cytoplasm (rich and poor), and 
microscopic subcellular structures (Z-line width, number of mitochondria) (Pearson and 
Young, 1989). All of these can be used to separate muscle into fiber types, but color is the 
easiest and most commonly used method. This classification system is based on the relative 
degree of redness and/or whiteness of a muscle, which is closely related to the amount of 
myoglobin and/or blood supply. Different muscle groups from the same species can readily 
be separated by color. For example, differences in color can be seen in chicken breast which 
is predominately white fibers versus chicken leg which is predominately red fibers. The same 
muscle from the same species can also exhibit distinctly separate red and white areas. For 
example, pork semitendinosus has separate white and red fiber regions. This does not mean 
that chicken breast is devoid of red fibers or that the red region of pork semitendinosus is 
devoid of white fibers, only that white and red fiber types, respectively, dominate in these 
muscles and/or regions. In a review of red and white muscle fiber types, Cassens and Cooper 
(1971) stated that muscle, which appears red in color, contains more than 40% red fibers and 
a muscle that appears white in color contains less than 30% red fibers. 
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For the purposes of this literature review, the physiological properties, biochemical 
properties, and enzymatic activity of red and white muscle fiber types are summarized in 
Table 4. 
Table 4—Comparison of biochemical properties, physical properties, and enzymatic 
activity of red and white muscle fiber types 
Property Red fibers White fibers 
Myoglobin content High Low 
Soluble protein, low ionic strength solution Low High 
Connective tissue content Low High 
Metabolism Aerobic Glycolytic 
Glycogen content Low High 
Lipid content High Low 
Lipid metabolism Lower Higher 
Minerals 
Iron High Low 
Sodium Higher Lower 
Copper Higher Lower 
Zinc High Low 
Creatine phosphate (CP) and ATP content Low High 
Size of muscle fibers Smaller Larger 
Surface-to-volume ratio High Low 
Capillaries Many Few 
Blood supply, amount More Less 
Pentose cycle activity High Low 
RNA content Higher Lov/er 
Protein turnover High Low 
Sarcoplasmic reticulum Less More 
Calcium content Higher Lower 
Number of mitochondria High Low 
Mitochondria size Larger Smaller 
Z-line width Wide Narrow 
Contraction time Slow Fast 
Relaxation time Slow Fast 
Rate of fatigue Slow Fast 
Innervation, suface area Shallow Deep 
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Table 4—(continued) 
Property Red fibers White fibers 
Glucose-6-phosphate dehydrogenase Higher Lower 
Cyclophorase (mitochondria) High Low 
Succinate dehydrogenase High Low 
Phosphorylase (a and b) Low High 
Glycogen synthase High Low 
Phosphofhictokinase Low High 
Fructose-1,6-diphosphatase Low High 
Lactate dehydrogenase Low High 
6-phosphoyluconic acid dehydrogenase Higher Lower 
Hexokinase (pentose shunt) High Low 
Lipase High Low 
Ca^'^-activated ATPase Low High 
Mg^'*'-activated ATPase Slow Fast 
Alkaline stability of Ca"'*"-activated ATPase Labile Stable 
Acid stability of Ca'^^-activated ATPase Stable Labile 
Trypsin resistance stability of Ca"^-activated Resistant Labile 
ATPase 
Number of 3-methylhistidines/myosin 0 3 
molecule 
Modified from Cassens and Cooper (1971) and Pearson and Young (1989). 
Irradiation and muscle fiber type 
An appreciation of the concept of red and white fibers is important because 
differences in muscle fiber type, in combination with irradiation, could potentially explain 
color differences. Research reporting irradiation-induced color effects are inconsistent and 
sometimes conflicting. Most literature site differences in color due to irradiation, but does 
not consider the muscle source and/or fiber type. (Color differences due to irradiation will be 
discussed in a later section.) 
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Ahn et al. (1998) studied the effects of irradiation and muscle type on lipid oxidation 
and the color of raw pork patties. It was reported that 4.5 kGy of irradiation increased the 
redness of vacuum-packaged L. dorsi (a white muscle), whereas s^oas and R. femoris (red 
muscles) were less red as a result of 4.5 kOy of irradiation. The authors also observed that L 
dorsi oxidatized at a faster rate than the other fiber types. 
Research studying the effects of irradiation on myoglobin have proven that myoglobin 
is radiation sensitive. But, research documenting the effects of irradiation on myoglobin is 
conflicting and several differing conclusions have been made. 
Tappel (1956) reported that at high irradiation doses of 16 megarep (172 kGy), there 
was a significant destruction of the hematin pigment as shown by spectral absorption curves. 
The spectral curve for tuna metmyoglobin has inflection points of maximum absorption at 
630 nm and 500 run. After being irradiated with 2 megarep (21.5 kGy), the samples had an 
spectral curve similar to oxymyoglobin with maximum peaks at 538 nm and 575 nm, and a 
Soret band at 418 nm. These changes in spectral absorption show that metmyoglobin was 
converted to oxymyoglobin by irradiation. Tappel (1956) proposed the following mechanism 
to regenerate oxymyoglobin from metmyoglobin: 
Effects of IrradiatioD on Myoglobin 
globin-Fe^^_OH slobin-Fe"*"^ 0 + H2O 
globin-FeOi + H2O or H* 
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The proposed mechanism was based on the fact, that pure metmyoglobin when it is oxidized 
to oxymyoglobin reacts with large amounts of hydrogen peroxide. 
Brown and Akoyunoglou (1964) studied the effects of y-irradiation on solutions of 
purified sperm whale myoglobin. It was reported that irradiated myoglobin precipitated from 
solution as a flmction of dose and myoglobin concentration. The absorption spectra, within 
the visible region, of unirradiated metmyoglobin had a maximum absorption at 504 nm, 583 
rmi, and 634 nm that gradually disappeared with increasing doses of radiation. These peaks 
were replaced by maximum at 541 nm and 580 nm, with a shoulder at 630 nm. When 
oxymyoglobin samples were irradiated, the absorbency at 500 nm and 630 nm increased, 
while the intensities of the 540 rmi and 580 nm peaks were reduced. The researchers also 
examined the loss of-SH group from tuna myoglobin. They found that a loss of -SH group 
reactivity was proportional to radiation dose. 
Ginger et al. (1955) reported that the susceptibility of myoglobin extracts to radiation 
damage increased with increased purity of the extract. They also stated that irradiation of 
crude myoglobin extracts gave inconsistent results, including oxidation and reduction 
reactions, and included the formation of a green compound which absorbed light at 610 nm to 
620 nm. It was concluded that an alteration in the porphyrin ring was caused by irradiation 
and produced the color variation. Barron and Johnson (1956) supported the findings of 
Ginger et al. (1955). Barron and Johnson (1956) utilizing beef heart myoglobin exposed to 
75,000 r (0.8 kGy) of x-ray, radiation reported that myoglobin was oxidized to metmyoglobin 
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and the protein moiety and the porphyrin ring were destroyed. Besides the considerable 
change m absorption maximum, the protein precipitated from solution after irradiation. 
Fox et al. (1958) studied the production and identification of the green pigment 
formed during irradiation. Extracts of beef myoglobin were irradiated at 5.3 Mrep (56.9 kGy) 
under various conditions. The study identified the green pigment produced during gamma 
irradiation as sulfmyoglobin. The reaction takes place in two steps. First, hydrosulfide is 
produced from either glutathione or other thiol- containing compounds when irradiated. 
Secondly, the hydrosulfide ion reacts with myoglobin to produce sulfmyoglobin. The 
sulfinyoglobin complex breaks down readily under either mild oxidizing or reducing 
conditions to form either metmyoglobin or myoglobin. The instability of the green pigment 
suggests that it is one of the pathways of breakdown of the heme pigment during irradiation. 
Bemofsky et al. (1959) irradiated crude extracts from lean beef muscle with up to 
150,000 rep (1.6 kGy). Upon irradiation, oxymyoglobin was rapidly converted to 
metmyoglobin by 30,000 rep (0.32 kGy) of irradiation. Continued irradiation of the pigment 
extract changed to pigment that resembled oxymyoglobin. Pigment destruction and the 
formation of the green compound was negligible. When the samples were removed from the 
irradiation source, the irradiation-induced red compound underwent further pigment reactions. 
When the solution of uradiation-induced red compound was removed from the gamma source 
and kept at room temperature, the pigment changed to metmyoglobin in minutes. But, if the 
irradiated solutions were kept at 0°C after removal from the gamma source, the absorption 
spectrum of the irradiated heme pigment changed to that of oxymyoglobin. Irradiated water 
was mixed with metmyoglobin and the color of the solution became red, similar to 
oxymyoglobin. The red pigment persisted for approximately 20 min and then began to 
change to metmyoglobin. If the same irradiated water and metmyoglobin mixture was frozen 
immediately and analyzed upon thawing, the absorption spectra of the red pigment were 
identical with that of peroxymetmyoglobin (ferrylmyoglobin). It was concluded since the 
spectrum of the red compound lies between the maximum peaks of 540 nm and 580 nm that 
it maybe an oxygenated intermediate compound. 
Satterlee et al. (1971) also studied the red pigment produced by low-dose gamma 
irradiation. Bovine metmyoglobin was irradiated at 63 krad (0.63 kGy), 210 krad (2.10 kGy), 
or 630 krad (6.3 kGy). As irradiation doses increased, the intensity of the red pigment 
increased until 630 krad. At 630 krad, some of the color was lost because some of the 
myoglobin precipitated from solution. However, the red color that was produced had a 
absorption spectrum similar to oxymyoglobin, but differed from oxymyoglobin in that it 
absorbed at 412 nm, whereas oxymyoglobin absorbs at 420 nm. The effects of pH on 
irradiated metmyoglobin solutions were evaluated at pH 6.0 to 8.5. pH did not affect the 
development of the red pigment. However, the purity of the metmyoglobin significantly 
effected the development of the red pigment. When metmyoglobin extracts were dialyzed to 
increase their purity, the ability to form the red irradiated pigment was reduced. The authors 
speculated that lower absorbency noted at 540 nm and 580 nm was a result of: 1) loss of a 
factor during dialysis that makes metmyoglobin more sensitive to gamma irradiation or 2) loss 
of a stabilizing factor dtiring dialysis which improves the stability of the red irradiated 
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pigment. The irradiated metmyoglobin solution behaved identically to oxymyoglobin when 
reducing and oxidizing agents were added, producing metmyoglobin and myoglobin when 
potassium ferricyanide and sodium diathionite respectively, were added to oxymyoglobin. 
Gel electrophoresis was performed on irradiated metmyoglobin solutions irradiated at various 
dosages. In unirradiated metmyoglobin, one band existed and during subsequent irradiation, 
four additional bands appeared. The four additional bands were most intense as a result of 
irradiaion at 63 krad and 105 krad and began to diminish at higher doses. It was concluded 
that a portion of myoglobin was denatured at high irradiation levels. 
Satterlee et al. (1972) continued the characterization of the red pigment, focusing on 
the alterations in the myoglobin molecule. When the heme group was removed from both the 
irradiated and control metmyoglobin, no spectrophotometric differences were observed. Gel 
electrophoresis of the resulting apomyoglobins indicated the alterations were centered in the 
globin portion of the myoglobin molecule. Irradiated metmyoglobin was also analyzed using 
isoelectric focusing. The elution pattern for irradiated metmyoglobin indicated that gamma 
irradiation produced a total of five distinct myoglobins, none of which have an isoelectric 
point (IP) identical to the original metmyoglobin or oxymyoglobin. But, all had spectral 
curves with absorption peaks at 540 nm and 580 nm, which is similar to oxymyoglobin. It 
was concluded from these analyses, that the irradiated metmyoglobin molecule had a lower a-
helical content, when compared to the unirradiated metmyoglobin molecule. The lower a-
helical content indicated that some of the irradiated molecules might exist in a partially 
unfolded state, which would affect their IP. 
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Giddings and Markakis (1972) further demonstrated that ferrylmyoglobin was 
produced from irradiated metmyoglobin. Ferrylmyoglobin absorption peaks at 420 nm, 550 
nm, and 580-590 nm were observed when metmyoglobin was mixed with H2O2 or irradiated 
water and held at room temperature for 1 hr post-irradiation. It was concluded that H2O2 and 
possibly some molecular hydrogen resulting from radiolysis of water was responsible for the 
production of ferrylmyoglobin via the metmyoglobin-H202 reaction. Giddings and Markakis 
(1972) postulated two mechanisms for the formation of oxymyoglobin. First, reduction of 
the heme iron may be encouraged by one of the products of water radiolysis, such as the 
hydrated electron. This reduction would be followed by oxygenation from either residual 
oxygen or oxygen generated during irradiation. Or secondly, the generation of superoxide 
anion during irradiation could form a complex with the trivalent iron of ferrimyoglobin to 
form oxymyoglobin. To further their investigation, they prepared solutions of oxymyoglobin 
and irradiated them at 40 krad. The oxymyoglobin was oxidized to metmyoglobin. A second 
40 krad treatment was applied to the samples and the metmyoglobin was reduced back to 
oxymyoglobin. Lycometros and Brown (1973) studied the polymerization of irradiated 
myoglobin. Three main fractions, which influenced myoglobin polymerigatin, were observed 
in irradiated sperm whale myoglobin. Results indicated that increasing irradiation dose 
increased the extent of polymerization of myoglobin. Increasing the ionic strength of the 
solution also enhanced the polymerization. The concentration of the solution had a 
considerable effect on the polymerization of myoglobin. With more dilute solutions, less 
polymerization occurred. The absorbance spectrums of the polymers were also measured. 
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The ratio of absorbance of the Soret (409 nm) peak compared to the protein (280 nm) peak 
was used as a descriptive criterion of the extent of damage, since the Soret peak decreased and 
the protein peak increased due to irradiation. It was observed that the ratio for metmyoglobin 
was changed by half due to irradiation. Therefore, differences in spectra observed for the 
intact myoglobin molecule are probably due to changes in the protein moiety of the molecule. 
Effects of Irradiation on Meat Quality Parameters 
For any product or process to be successful in the market place, consumers must 
accept it. Quality parameters, such as color, flavor, and aroma become critical factors that 
must be researched and evaluated. Radiolytic products produced during irradiation (i.e., 
ozone, free radicals, and secondary electrons) have the potential to catalyze degenerative 
chemical reactions, which result in the production of off-colors, off-flavors, and/or off-odors 
(Olson, 1985). Thus, determining if product quality defects exist in irradiated meat products 
is necessary. 
Color of irradiated meat 
Studies reporting the color changes in fresh and frozen raw and cooked meat induced 
by irradiation have been inconsistent. Reported research suggests that irradiation-induced 
changes to meat color are a result of myoglobin oxidation/reduction reactions. However, 
those studies focused and reported data based on crude and purified myoglobin extracts and 
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not changes which occur within intact or ground meat. The focus of recent research has 
shifted to irradiation-induced changes, which occur in intact or ground meat. 
Research indicates that color of irradiated beef is dependent upon packaging 
environment, product temperature, dose level, and physical condition (i.e., ground vs. whole). 
Richards and Morrison (1971) researched color changes that occurred in irradiated beef 
packaged in oxygen-permeable and oxygen impermeable films. Oxygen permeable packaging 
had a detrimental effect on meat color. Irradiation significantly reduced the redness of beef at 
a dose level of 0.1 Mrad (1 kGy). As dose level and storage time increased, the absolute 
difference in redness between unirradiated controls and irradiated samples increased. In 
comparison, a (redness) values of beef samples that were packaged in oxygen-permeable film, 
initially decreased in redness except for samples irradiated at 1.5 Mrad (15 kGy). Samples 
irradiated at 1.5 Mrad, increased in redness due to irradiation and storage time. 
Lefebvre et al. (1994) reported the color effects observed in raw and cooked ground 
beef irradiated at 1.0 kOy, 2.5 kGy, and 5.0 kGy. The panelists in this study, indicated a 
noticeable color difference for the raw irradiated product compared with controls that was 
independent of dose. However, the panelists could not detect a difference in color between 
unirradiated and irradiated cooked patties. 
Dempster et al. (1985b) studied the effect of low-dose irradiation (1.03 kOy and 1.54 
kGy) on the quality of ground beef patties. These ground beef patties were vacuum-
packaged and irradiated firesh. The patties treated at 1.54 kGy were visually judged to have a 
brighter (redder) surface color than the frozen control. However, the unirradiated control and 
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irradiated samples progressively became more discolored, lighter, and less red or paler as 
storage time increased. In addition, the authors noted that the internal color of the irradiated 
samples was unaffected by irradiation treatments. 
Luchsinger et al. (1997a) reported on the color properties of irradiated (2.0 kGy and 
3.5 kGy) whole muscle beef The external L*, a*, hue angle, and saturation index values were 
imaffected by irradiation dose in frozen/thawed raw steaks. But, a* values for frozen/thawed 
steaks increased significantly when irradiated at 3.5 kOy and from day 7 to day 14 of 
display. The authors commented that vacuum-packaged beef irradiated at 3.5 kOy resulted in 
a redder product than normally associated with vacuum-packaged beef Luchsinger et al. 
(1997a) also evaluated color differences of irradiated beef packaged in either a vacuum or 
oxygen-permeable film. It was reported that rewrapping irradiated steaks with an oxygen-
permeable film had a detrimental effect on color and shortened the length of display when 
compared to those remaining in vacuum packages. Lightness, b*, and a* values for irradiated 
steaks significantly decreased during display. However, unirradiated controls that were 
rewrapped in an oxygen-permeable film, discolored at a faster rate than irradiated samples. 
Dose level did not influence any instrumental measurement of internal and external cooked 
color of frozen/thawed steaks. The authors noted the persistent pinkness that can occur in 
some irradiated cooked products was not observed in this study. 
Lee et al. (1996b) examined the effects of irradiation on beef steaks packaged in 
modified atmosphere packages (MAP). The authors concluded beef steaks packaged in MAP 
packaging and irradiated at 2.0 kGy were not different from unirradiated controls. 
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Fu et al. (1995a) studied the quality changes in beef steaks and ground beef as a result 
1.5 kGy or 2.0 kGy of irradiation. Data from this study indicated the lightness values of beef 
steaks were unaffected by dose level. The redness values of aerobically packaged beef 
decreased and the vacuum-packaged steaks were unchanged as a result of 0.6 kGy or 1.5 kGy 
of irradiation. The yellowness values were relatively unchanged by irradiation, except for a 
slight decrease that occurred from 0 kGy to 0.6 kGy in aerobically packaged beef. Fu et al. 
(1995a) reported that ground beef irradiated at 0.8 kGy and 2.0 kGy significantly decreased 
in redness as irradiation treatment increased from 0 kGy to 0.80 kGy. As dose levels 
increased further to 2.0 kGy, no changes in color values were observed. 
Luchsinger et al. (1997b) evaluated color changes in irradiated raw and precooked 
ground beef patties in vacuum and aerobic packaging. In this study, dose level and packaging 
type significantly influenced instrumental color data. Irradiation at 2.0 kGy and 3.5 kGy 
initially darkened and reduced the redness of raw beef patties in both package types. 
However, initial color differences dissipated with display time as irradiated and control 
(unirradiated) samples became more similar during display. It was noted that aerobic 
packaging had a greater detrimental effect on overall color than vacuum-packaging and 
suggested that this type of packaging may not be suitable for irradiated meats in retail 
markets. 
The extemal surface color of pork lions and poultry breasts has been shown to 
intensify in pinkness as a result of low-dose irradiation. Millar et al. (1995) evaluated color 
differences between irradiated and imirradiated chicken breast packaged in oxygen-permeable 
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overwrap. They observed a significant increase in redness and saturation values as a result of 
irradiation. Reflectance spectra of irradiated chicken showed an increase in peak height at 540 
nm and 575 nm and a decrease in reflectance between 600 nm and 700 nm. Therefore, it was 
concluded that irradiated chicken was redder than unirradiated chicken packaged in oxygen-
permeable filni. 
Grant and Patterson (1991) studied the effects of irradiation and MAP on the quality 
of pork. They observed that irradiated pork was significantly pinker than unirradiated pork. 
Storage time did not effect the pinkness scores of irradiated pork packaged in 25% COi and 
75% N2. However, irradiated pork chops packaged in 50% COt and 50% N2 became 
significantly less pink and more brown during storage. It was concluded that the overall color 
of the irradiated pork chops was more acceptable to the panelists than the color of 
unirradiated chops. 
Luchsinger et al. (1996) reported on the color changes that occurred in irradiated pork 
chops. Data from this study showed that product lightness was unaffected by package type 
or irradiation. A difference in redness was observed. Vacuum-packaged chops were redder 
(greater a* value) as dosage levels increased, whereas a* values of aerobically-packaged pork 
decreased. Product yellowness increased slightly due to irradiation, with aerobically-
packaged chops having the largest values. This study also evaluated differences between 
fresh and frozen chops and radiation source types (gamma v^.e-beam). Results showed that 
vacuum-packaged frozen chops initially were darker than aerobically-packaged chops, but 
those differences were eliminated during storage. Radiation source and dose level effected a* 
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values similarly for both package types, v^th vacuum-packaged chops having slightly higher 
values. 
Odor of irradiated meat 
Radiolytic products formed in meat during irradiation have been shovm to produce 
undesirable odors and aromas. Groninger et al. (1956) and Lefebvre et al. (1994) reported 
that raw irradiated meat samples were consistently less acceptable or desirable by panelists 
than unirradiated controls. 
Many volatile compounds have been identified as possible contributors or direct 
cause of the irradiation odor in meat. Urbain (1985) listed approximately 65 volatile 
compounds that have been identified in irradiated, uncooked beef The concentration of these 
compounds varied greatly. Of the 65 compounds, approximately 70% are hydrocarbons, 
which originate from lipids or lipoproteins. The remaining 30% are composed of aromatic 
and sulftir compounds that are derived from proteins. 
The intensity of irradiation aroma is dependent upon species, composition, package 
type, headspace gas composition, and dose level. Heath et al. (1990) studied the effect of 
irradiation on the odor of chicken meat. Chicken breast and thighs were irradiated with up to 
300 krad (3.0 kGy). In this study, irradiation odor was detectable in raw thighs after 
exposure to 100 krad, 200 krad, and 300 krad of irradiation, but only 200 krad and 300 krad 
in cooked thighs. In chicken breast, irradiation odor was detectable in raw samples after 
exposure to 200 krad and 300 krad. However, no irradiation odor was detectable in cooked, 
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irradiated breast. These results are supported by Lescano et al. (1991), who reported that 
panelists could detect an irradiation odor in raw product, but not in cooked samples. Not 
only is there an irradiation odor difference between muscle of the same species, but also 
between species. Elias (1985) reported that irradiated pork had less of an irradiation odor 
than veal or beef. 
Hannan and Shepherd (1959) studied irradiation odor development in minced chicken 
meat. They observed a hundredfold increase in odor intensity in the dose range of 50 krad to 
5.0 Mrad. At the lower end of the range, 50 krad to 100 krad, odor detection was difficult. 
In contrast, at 3.5 Mrad the odor was immediately unacceptable by the panelists. Odor 
development in frozen chicken meat also was evaluated and it was observed that freezing 
significantly reduced the irradiation odor development at irradiation treatments of up to 500 
krad. 
Headspace gas composition during irradiation seems to dramatically effect odor 
development in irradiated meats. The presence of oxygen, even in small amounts, 
significantly increases off-odors. Oxygen would catalyze oxidative reactions, generating 
numerous hydrocarbons from lipids or lipoproteins. Hannan and Shepherd (1959) and 
Lambert et al. (1992) reported that the inclusion of oxygen during irradiation produced 
samples that were immediately rejected by panelists on the basis of a strong off-odor. 
Kosaric et al. (1973) studied the relationship between odor intensity and rancidity in y-
irradiated beef fat. The authors reported a good correlation between odor indexes and the 
peroxide number existed. They also reported that oxygen exclusion (i.e., vacuum-packaging) 
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and low temperatvire processing significantly reduced peroxide values; therefore, odor 
intensities decreased. It was noted that irradiation temperature was a more important 
processing factor than oxygen content when controlling odor development. 
In contrast, Elias (1985) and Batzer and Doty (1955) reported that typical irradiation 
off-odors were associated with the water-soluble fraction and not meat fat. These authors 
suggested that irradiated lean meat produced more off-odor than high-fat meat. These authors 
also observed a significant decrease in glutathione content in irradiated beef and pork, while 
hydrogen sulphide concentration significantly increased. Elias (1985) commented further, 
that volatile amines are also significant contributors to irradiation-induced odor production. 
Flavor of irradiated meat 
The flavor profile of irradiated meat can be different than "normal" meat because of 
the effects of radiolytic products. Urbain (1986) stated, "the principal difficulty with the 
irradiation of meats and poultry has been the development of an undesirable flavor." When 
irradiation research was being conducted during the 1950's and 1960's, the goal was to 
sterilize the product; therefore high dose levels were used. Those high doses in combination 
with a multitude of processing factors imparted a flavor that has been termed "irradiation 
flavor." Irradiation flavor has been described as a flavor that resembles a "scorched flavor", 
but also has been referred to as a "goaty" or "wet dog" flavor. Evidence indicates that the 
formation of irradiation flavor is dose dependent and the threshold dose for a detectable flavor 
varies with species. For example, doses required for a detectable flavor in turkey, pork, beef, 
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and chicken are 1.50 kGy, 1.75 kGy, 2.5 kGy, and 2.5 kOy, respectively (Sudarmadj and 
Urbain, 1972). 
Irradiation flavor is produced via volatile compounds that are generated through 
primary and secondary radiolytic reactions. Compounds such as methional, 1-nonanal, and 
phenylacetaldehyde have been identified as possible contributors to off-flavors. Origins of 
other possible flavor contributors are lower molecular weight compounds which occur in both 
aqueous and lipid portions of meat (Urbain, 1985; Elias, 1985). 
A study conducted by Luchsinger et al. (1996) evaluated the sensory attributes and 
consumer acceptance of irradiated pork chops. Chops were irradiated by two different 
radiation sources, as fresh or frozen chops and packaged aerobically or in a vacuum. Results 
indicate that dose level, radiation source, and package type did not effect fat-like or metallic 
flavor notes. However, flavors described as animal hair-fat, animal hair-lean, burnt, chemical-
fat, chemical-lean, liver-like, rancid-fat, and rancid-lean were inconsistent and difficult to 
interrupt. The flavors observed in frozen pork chops were similar to fresh pork chops. Dose 
level, irradiation source, and package type did not affect bitterness, fat-like, pork, sour, and 
sweet flavor attributes. However, metallic notes were higher in irradiated samples when 
compared to the control (unirradiated) frozen chops. In both fresh and frozen pork chops, all 
intensities were < 1.6 or < 1.0, respectively, on a 15 point sensory scale by a trained sensory 
panel. A consumer evaluation was also conducted to determine acceptance of irradiated pork 
chops. No differences were observed between irradiated and control samples for overall 
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acceptance, meatiness, freshness, tenderness, or juiciness. The authors concluded that 
"irradiation flavor" probably would not be detected by most consumers. 
To minimize off-flavor development in irradiated products, process controls can be 
incorporated to lessen irradiation-induced effects. The presence and amount of O2 in the 
package headspace has adverse effects on the organoleptic qualities of pork. Lambert et al. 
(1992) reported that pork packaged with 20% O2 and irradiated at 1.0 kGy was immediately 
rejected on the basis of strong off-odor. Presumably, ozone being produced in the package by 
irradiation is acting as a prooxidant. Temperature is another critical variable that can be 
controlled. A study reported by Hanna and Shepherd (1959), found that when meat was 
frozen the intensity of irradiation-induced flavors were minimized. Because under frozen 
conditions, radiolytic products of water would be immobilized, thus not migrating throughout 
the product and reacting with meat components. 
In summary, research indicates that purified beef myoglobin is denatured by 
irradiation, but exhibits oxymyoglobin characteristics. Research examining the color effects of 
irradiated intact or ground beef, pork, and turkey are inconclusive. Some reports state that no 
color change occurs due to low-dose irradiation, while others conclude that irradiation doses 
induce color changes. The goal of this research project was to compare color changes of intact 
beef, pork, and turkey as effected by irradiation, package type, and muscle group. 
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yellowness increased with dose and storage time. The extent of color change was irradiation 
dose-dependent and was not related to myoglobin concentration. Visual evaluation indicated 
pork and turkey increased in redness whereas beef decreased in redness as dose levels 
increased. Reflectance spectra showed that irradiation induced an oxymyoglobin-like pigment 
in pork and that both oxymyoglobin and metmyoglobm developed in beef as a resuh of 
irradiation. 
Key Words: irradiation, pork, beef, turkey, color 
INTRODUCTION 
Food irradiation can eliminate hazardous pathogenic microorganisms in fresh meat and 
help provide a safer food supply for human consumption (Murano, 1995). However, studies 
reporting the effects of low-dose irradiation on fresh meat quality are limited. Studies 
reporting color effects on fresh meat due to irradiation suggest that color changes vary by 
irradiation dose, species, and package environment. 
Studies reporting irradiation effects on meat color have been inconsistent. Fu et al. 
(1995a) reported that Hunter Lab values and visual evaluation scores showed no color 
difference between control and beef steaks irradiated at 1.5 kGy. An AMIF (1995) study 
also reported that the color of aged chilled beef steaks was not affected by irradiation. Millar 
et al. (1995) reported that a* (redness) and chroma values increased in chicken breasts as a 
result of 5.0 kGy of ionizing radiation. An increase in redness of pork color due to irradiation 
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has been reported (Grant and Patterson, 1991; Luchsinger et al., 1996; Fu et al., 1995b). 
Grant and Patterson (1991) reported that different packaging atmospheres could affect the 
extent of redness change observed in irradiated pork. 
The USDA Food Safety and Inspection Service (FSIS) amended poultry regulations 
to permit the use of irradiation to treat fresh or frozen uncooked poultry from 1.5 kGy to 3.0 
kGy (USDA, 1992). The U.S. Food and Drug Administration (FDA) approved a petition to 
irradiate fresh red meats to 4.5 kGy and frozen red meats to 7.5 kGy (FDA, 1997). Few 
published studies have documented the color changes and changes uniformity in fresh meat 
within these dose ranges. Therefore, die objective of our study was to determine color 
changes of fresh vacuum-packaged pork, beef, and turkey at various irradiation dose levels. 
MATERIALS & METHODS 
Sample preparation 
Boneless pork loins (IMPS #412B) were obtained from the Iowa State University 
Meat Laboratory. Pork chops (1.5 cm thick) were sliced beginning at the ham end of the loin. 
The pork chops were trimmed of all surface fat and lean tissue leaving only the longissimus 
dor si. Two pork chops per loin were randomly assigned to each of the six treatment 
combinations. 
Beef loins (IMPS #174) were purchased from a local distributor. Boneless strip loins 
(IMPS #180) were removed and trimmed of surface fat leaving the longissimus dor si. Beef 
steaks (1.5 cm thick) were sliced begiiming at the rib end of the loin. After slicing, extraneous 
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connective tissue and fat were trimmed from the steaks. Two steaks per loin were randomly 
assigned to each of the six treatment combinations. 
Turkey tenders {pectoralis minor) were purchased from a local retailer. The turkey 
tenders were received frozen and were tempered to 0±2°C before processing. Two Uirkey 
tenders were cut in half longitudinally and randomly assigned to each of the six treatment 
combinations. 
The pork, beef, and turkey samples were vacuum-packaged within 5 min of cutting 
using a roll stock INTACT packaging machine (Model RM571, Koch Packaging Systems, 
Kansas City, MO) equipped with a 6 mil barrier film. This multi-layer film had an 
approximate O2 transmission rate of 2.5 cc/654.2 cm^/24h at 1 atm and moisture transmission 
rate of 0.4 g/654.2 cm"/24h at 90% RH (Koch Packaging Systems, Kansas City, MO). A 
vacuum of 597.3 mm Hg (78.6% vacuum) was achieved in the package. After packaging, the 
samples were transferred to a 0±2°C cooler for overnight storage. 
Irradiation processing 
Irradiation was conducted at the Linear Accelerator Facility (LAF) at the Iowa State 
University Meat Laboratory. To maintain product temperature, samples were transferred 
from refrigerated storage to the LAF immediately prior to irradiation. Samples were exposed 
to ambient temperature of the irradiator during treatment and were immediately returned to 
0±2°C cold room after irradiation. Control (0 kGy) samples were also exposed to the 
ambient temperature of the LAF. The total time samples were without refrigeration did not 
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exceed 10 min. Samples were irradiated by a CIRCE IIIR Electron Beam (EB) irradiator 
(Thomson-CSF Linac, St. Aubin, France) with an energy level of 10 MeV and a dose rate of 
=90.0 kGy/min. Samples were placed in a single layer on stainless steel transfer carts for 
irradiation. Two alanine dosimeters per transfer cart were attached to the samples on the top 
and bottom surfaces. Irradiation doses were applied to the samples by exposing them to the 
EB using a single-sided pass. Using a constant dose rate, the processing conveyor speed was 
set to achieve 5 dose levels. The target doses were 1.5 kGy, 3.0 kGy, 4.5 kOy, 7.5 kOy, and 
10.5 kOy. True absorbed doses were measured by inserting the alanine dosimeters into a 104 
Electron Paramagnetic Resonance instrument (Bruker Instruments Inc., Billerica, MA). This 
instrument was calibrated in accordance with ASTM E 1261 § 8.5 in-house calibration using a 
set of transfer standard dosimeters ranging from 1 kOy to 11 kGy (National Physical 
Laboratory, Tedington Middlesex, United Kingdom). Reported doses were actual surface 
doses as measured by the alanine dosimeters. Each replication was processed separately 
through the LAF. 
Display characteristics 
Samples were placed in a single layer on illuminated racks in a 0±2°C cold room and 
were exposed to lighting 24h per day for the duration of the experiment. Beef and pork 
samples were displayed for 12 wks, and turkey samples were displayed for 10 wks. The 
light source (Philips, fluorescent light 40W Cool White) was 30 cm from the sample surface. 
Incident light reaching the sample surface had an intensity of 2,018 lux. The top and bottom 
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orientation of the samples, which was established during irradiation, was maintained 
throughout the study. The top surface was exposed to the light source and was measured 
when determining color attributes. 
Color analysis 
Color measurements of the pork, beef, and turkey were conducted immediately after 
irradiation. Subsequent color measurements on samples were measured once per week for the 
duration of the study. Samples were left in their original packaging materials for color 
measurements. Condensation was removed from the package surface immediately prior to 
analysis. Color measurements were conducted using a Hunter LabScan Colorimeter (Hunter 
Laboratory, Inc., Reston, VA). This instrument was standardized prior to each use by 
covering the white tile with a swatch of packaging material. Values of the white standard tile 
were X=81.72, Y=86.80, and Z=91.46. Illuminate A, 10° standard observer, a 2.5 cm 
viewing area, and port were used. CIE L* (lightness), a* (redness), b* (yellowness) 
saturation index, and hue angle color values were measured (AMSA, 1991). A numerical total 
color difference (AE*) was calculated by; 
AE» = [(L»-LVf)- + (a*-a*„f)= + (b'-b'„rf J'° 
The control samples were used as reference values (Francis and Clydesdale, 1975). 
Reflectance measurements were collected at 10 nm increments using illuminate A. Three 
random readings per sample were obtained and averaged. 
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Visual color evaluation 
A 13-member visual descriptive panel consisting of Iowa State University graduate 
and undergraduate students was used to evaluate the color intensity of pork, beef, and turkey 
samples. Panelists evaluated samples for intensity of pink/red color, brown color, and 
uniformity of color. Initial training and orientation consisted of presenting the panelists with 
a control sample and a sample that had been irradiated at 10.5 kGy. These samples exhibited 
minimum and maximum intensities of pink/red and brown color expected for the experimental 
tteatments. Subsequent training sessions consisted of presenting samples from the other four 
treatment groups. During these training sessions panelists assisted in descriptor development 
and worked with the line scales until all panelists were comfortable with them. During these 
subsequent training sessions, individual panelist performance was monitored and compared to 
the group for panel consistency. 
The samples used for visual analysis were from the same loin/lot as were samples for 
instrumental analysis. However, they were used only for visual analysis and not for display 
evaluations. Samples were tempered to room temperature (=23 °C) for 15 min and the 
condensation was removed from the package surface prior to evaluation. Each sample was 
assigned a 3-digit random number for identification. The visual panel room was equipped 
with fluorescent (Sylvania, 40W Cool White) lighting and the incident light reaching the 
sample surface had an intensity of 1345 lux. Samples were equally spaced on tables for 
independent viewing and evaluation by panelists. Visual analysis was conducted at week 0 of 
display. The pink/red color, brown color, and uniformity of color attributes were evaluated 
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using a 150 mm unstructured line scale with anchor points (O=none, uniform color and 
150=intense, extreme two-toning) at each end. Extreme two-toning was considered to be 
equal amounts of pink/red and brown color appearing on the sample surface. A numerical 
visual color difference was calculated by combining pink/red and brown color scores 
AD = [(pink-pinkref)" + (brown-brownref)"]''^ 
The unirradiated control samples were used as reference values. 
Statistical analysis 
The experiment was replicated 3 times. Data entry and decoding were 100% verified. 
Data were analyzed in a split plot design (Cochran and Cox, 1957). The whole plot was the 
dose level applied to the samples and the split plot was the week in which the samples were 
measured. Experimental results were analyzed with the Statistical Analysis System (SAS, 
1990) by General Linear Model. Least square means were used, and when F-values were 
significant, least square mean differences were compared by using PDIFF (SAS, 1990). An 
alpha level of P<0.05 was used to determine significance. 
RESULTS & DISCUSSION 
Irradiation dosage 
Target surface irradiation dose levels and actual doses in this experiment were 
compared (Table 1). The max:min ratio was not calculated. The actual maximum dose was 
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achieved under the product surface and could not easily be measured but the bottom dose was 
measured and recorded. Averaging the surface and bottom dosage had little importance since 
this measurement would be thickness dependent. Therefore, achieving a close match between 
actual sxirface dose and target dose was most useful for studying surface color effects. 
Instrumental color measurements 
The L*, a*, and b* color values for irradiated pork, beef, and turkey were compared 
by irradiation dose (Table 2). Increasing irradiation dose levels had no significant effects on 
pork, turkey, or beef lightoess values. As irradiation doses increased, changes in L* values 
were not significant in any species. 
Redness values for pork and turkey were affected similarly as a result of irradiation. 
The amount of redness in pork increased (P<0.001) as dose levels increased firom 0 kGy to 
10.5 kGy (Table 2). The results confirmed the fmdings of Luchsinger et al. (1996), Lebepe et 
al. (1990), and Fu et al. (1995b) in which pork redness values increased due to low-dose 
ionizing radiation. Turkey increased (P<0.00i) in a* values as dose levels were increased 
firom 0 kGy to 4.5 kGy. The reddest color as measured by a* values was at 4.5 kGy, and 
fi'om 4.5 kGy to 10.5 kGy, a slight decline was observed. The color change in beef a* values 
contrasted with the change in pork and turkey. Redness values for beef decreased (P<0.01) 
as irradiation dose levels increased fi-om 0 kGy to 4.5 kGy. As dose levels increased firom 4.5 
kGy to 10.5 kGy, a* values increased slightly. Hultin (1985) and van Laack (1994) reported 
that firesh meat turned brown at commercial sterilization dose levels, which would be much 
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higher. Our results indicated significant decreases in redness and increases in brown pigments 
would develop at dose levels as low as 1.5 kGy in vacuum-packaged beef. 
Pork b* values increased (P<0.05) from 0 kOy to 4.5 kOy and then remained 
unchanged regardless of irradiation dose, whereas, turkey b* values increased continually 
from 0 kOy to 7.5 kGy. Beef b* values remained relatively unchanged until a dose of 10.5 
kGy was reached, when an increase in yellowness was observed. Studies reporting changes in 
yellowness due to irradiation have been inconsistent. AMIF (1995) reported dose level did 
not affect yellowness in raw beef. In contrast, Millar et al. (1995) observed higher b* values 
in chicken breast as a result of irradiation. 
Comparison of the total color change (AE*) by irradiation dose (Fig. 1) showed fresh 
vacuum-packaged pork underwent a continuing color transformation (P<0.001) at ionizing 
radiation doses of 1.5 kGy to 7.5 kGy. Within this range, vacuum-packaged pork changed 
from a typical purplish-pink deoxymyoglobin color to a vivid pink color suggestive of 
oxymyoglobin. Irradiated turkey developed a color similar to that in pork irradiated up to 4.5 
kGy. However, the magnitude of total color change in irradiated turkey as compared to 
untreated controls was less than the total color change observed in pork. Turkey AE* was 
greatest at 4.5 kGy and then slightly decreased to 10.5 kGy. The total color change in beef 
was less than that in pork, but also different (P<0.01) from unirradiated controls. However, 
the color which irradiated vacuum-packaged beef developed was brownish similar to 
metmyoglobin. At 3.0 kGy, the magnitude of color change, relative to reference samples, was 
similar for the three species. A divergence occurred in the AE* between pork and beef and 
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turkey when irradiation dose levels were increased. Beef and turkey represent extremes in 
myoglobin concentration (Romans et al., 1994) and exhibited similar total color (AE*) 
responses to ionizing radiation. However, pork, which had an intermediate myoglobin 
concentration (Romans et al., 1994), exhibited a different color change than beef or turkey. 
No interactions occurred between doses including controls and storage time for L* 
values for pork or beef. L* values for all doses of irradiated turkey were stable, remained 
relatively unchanged during display, and were lower than unirradiated controls. When L* 
values were averaged across all dose levels, turkey did not change (P>0.05) during 10 wks 
display (Fig. 2). The lightaess of beef increased (P<0.01) as time of display increased, 
whereas, pork increased through wk 3 and then remained unchanged for the duration of 
display, except for an unexplainable decrease at wk 9. 
The interactions between dose and display time showed that a* values remained 
relatively unchanged and were similar for all irradiation doses for pork and turkey. The 
interaction between dose and display time for beef showed that a* values decreased (P<0.01) 
similarly for all irradiation doses. The a* values averaged across all dose levels for wks of 
display (Fig. 3) showed redness values for turkey were unchanged (P>0.05) during 10 wks 
display. Pork exhibited redness color stability for 8 wks (P>0.05) of illuminated display, 
after which a small decrease (P<0.01) in redness was observed. The a* values of beef steaks 
were not stable during display time. The extent of redness in the vacuum-packaged beef 
peaked at wk 1 and then decreased (P<0.001) during the remainder of display. 
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The interaction between dose and display time showed that b* values remained 
relatively unchanged and were similar for all irradiation doses for pork and beef. An 
interaction of dose and display time for turkey showed that control and 1.5 kGy irradiated 
turkey samples decreased in yellowness, whereas, samples treated with >3.0 kGy increased 
in yellowness. An increase (P<0.001) was noted in b* values (Fig. 4) for pork and beef 
during the 12-wk display, whereas, turkey b* values remained unchanged. Significant 
declines at wks 8 and 9 for beef and pork, respectively, are unexplainable. 
The AE* values for turkey were not affected by display time and were similar for all 
doses. These results suggested that any pigment alteration in turkey was small. In contrast, 
pork AE* values increased (P<0.01) during display equally for all doses primarily due to an 
increase in yellowness (Fig. 5). Total color change in beef during the first week was markedly 
(P<0.001) decreased for all doses. During subsequent display, beef AE* for all doses 
increased (P<0.001), to about the level observed at wk 0. But, control samples continually 
increased (P<0.001) throughout display time. 
An increase (P<0.001) for saturation index (Table 3) was observed in pork over the 
entire irradiation dose range. The saturation index also increased (P<0.001) during the first 8 
wks of display and then remained unchanged for the duration of the study (data not shown). 
These data confirmed observations by Luchsinger et al. (1996) that saturation index increased 
with higher doses. The saturation index for turkey increased (P<0.001) up to 4.5 kGy, then 
decreased. Beef saturation index decreased (P<0.01) as irradiation dose increased to 4.5 kGy. 
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When irradiation dose levels were increased from 4.5 kGy to 10.5 kGy, the saturation index 
returned to about that of the unirradiated control. Hue angles for beef and turkey were 
unchanged by increasing irradiation doses, but doses of > 3.0 kGy decreased (P<0.01) the hue 
angle for pork. 
The reflectance spectra for unirradiated pork resembled a typical deoxymyoglobin 
reflectance scan with a diffuse peak at =555 nm (Fig. 6). At 4.5 kGy, the pork reflectance 
spectra showed a peak shift from =440 run to 425 nm. Additionally, two absorption peaks 
located at =540 nm and 570 nm emerged. Absorption peaks at these wavelengths are 
indicative of oxymyoglobin (Bandman, 1987). Beyond 590 nm, an increase in percent 
reflectance occured. The reflectance spectra of pork irradiated at 10.5 kGy were similar to 
that of pork irradiated at 4.5 kGy. Pork samples irradiated with 10.5 kGy showed a minimal 
increase in percent reflectance from 590 nm to 700 run. In the red region, irradiated samples 
had a higher reflectance than the unirradiated control. The increase was dose dependent. The 
shape of the reflectance spectra indicated the pigment in the 4.5 kGy and 10.5 kGy vacuum-
packaged pork samples was similar to oxymyoglobin. These results conflrmed reports of 
similar change in absorption spectra (Clarke and Richards, 1971; Satterlee et al., 1971). 
The reflectance spectra of unirradiated beef (Fig. 7) were similar to a typical 
deoxymyoglobin with a diffuse absorption band at =555 nm. When dose levels were 
increased to 4.5 kGy and 10.5 kGy, a peak shift occurred at =420 nm and tv»'o small 
absorption peaks emerged at =540 nm and 570 nm. The position of these peaks was similar 
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to absorption peaks observed in irradiated pork, however, they were not as pronounced at 
10.5 kGy in beef as they were in pork. The reflectance spectra of irradiated beef showed that 
a third absorption peak developed at =620 nm. This peak progressively increased as doses 
increased from 0.0 kGy to 10.5 kOy. At 4.5 kOy, a flattened region was observed from 600 
nm to 620 nm after which the percent reflectance sharply increased. When an irradiation dose 
of 10.5 kOy was used, the absorption peak at 620 nm was obvious. All doses including the 
control had a similar percent reflectance from 660 nm to 700 nm. The reflectance spectra for 
4.5 kGy and 10.5 kGy vacuum-packaged beef appeared to have similarities to both 
deoxymyoglobin and metmyoglobin reflectance spectra. These data were consistent with CIE 
color values that indicated a decrease in redness and an increase in brownness as irradiation 
doses increased. 
The reflectance spectra of unirradiated and irradiated turkey (Fig. 8) were similar to 
deoxymyoglobin. Between 420 nm and 430 nm, irradiated samples had a sharper peak that 
shifted closer to 420 nm. The irradiated samples also developed a wider, more diffuse region 
between 540 nm and 570 nm than unirradiated controls. Beginning at 580 nm and continuing 
to longer wavelengths, irradiated samples exhibited a greater reflectance than unirradiated 
controls. These results confirmed CIE color data, that redness development was irradiation 
dose-dependent. 
These results suggest that the pigment being formed in the irradiated vacuum-
packaged pork was largely oxymyoglobin (Bandman, 1987). The pigment in vacuum-
packaged turkey remained relatively unchanged by irradiation. In contrast, reflectance spectra 
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of irradiated vacuum-packaged beef exhibited both oxy- and met-myoglobin characteristics. 
Those color effects were not limited to the surface, but existed throughout the product. The 
pigments formed by ionizing radiation in vacuum-packaged pork and beef did not conform to 
traditional spectra of vacuum-packaged meat. Researchers have suggested that other 
pigments are formed as a result of irradiation. Kamarei et al. (1979) suggested that the shift in 
color in cooked beef was caused by an oxidation/reduction reaction, where irradiation caused 
the reduction of oxidized globin myohaemichromagen to reduced globin 
myoheamochromogen. They also suggested that the red compound in radiation-sterilized 
beef was dependent upon the heme group and not the protein moiety. Diehl (1982) reported 
that irradiation doses greater than 150 krad (1.5 kGy) caused a brown discoloration of meat 
exposed to air. However, in the absence of oxygen and at greater irradiation, a bright red color 
similar to oxymyoglobin was observed. Color changes in irradiated meat were indicated to be 
due to alterations to protein moiety and not to the heme portion. 
Visual color measurements 
Visual panel results (Table 4) confirmed the color changes observed in CIE color 
values. Pinkness scores for pork and turkey increased (P<0.001) as dose level increased. 
Maximum pinkness for pork and turkey were achieved at 7.5 kGy and 4.5 kOy, respectively. 
Redness scores for beef decreased (P<0.001) as dose levels increased from 0 kGy to 7.5 kGy. 
Brown color in pork and turkey samples decreased (P<0.001) as irradiation increased, while 
the quantity of brown color in beef samples increased (P<0.001) as dose levels increased. 
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The color in pork and turkey was described as changing from a typical deoxygenated 
pink color (0 kGy) to a very bright pink (7.5 kOy), whereas beef changed from a purplish-red 
to a dark brown at 1.5 kOy. The pink color that developed in irradiated turkey and pork 
might be perceived by consumers as fresher. Irradiated vacuum-packaged beef on the other 
hand, became brown after irradiation and consumers might respond negatively. 
Tlie color change in beef did not affect the surface color uniformity until 10.5 kGy 
was reached. Irradiation slightly improved uniformity in turkey but decreased (P<0.001) 
uniformity was observed in pork. At 3.0 kGy to 4.5 kGy, the surface of the pork samples 
contained multiple areas of pink and brown. When irradiation reached 7.5 kGy or greater, the 
bright pink color dominated the surface, and thus created a more uniform surface appearance. 
This surface discoloration effect was not observed in beef or turkey where the observed color 
changes were relatively uniform. 
CONCLUSIONS 
Irradiation of vacuum-packaged pork and turkey resulted in redder products that were 
stable over time. Vacuum-packaged beef developed increased brown coloration from 
irradiation. Reflectance spectra indicated that irradiation induced an oxymyoglobin-like 
pigment in vacuum-packaged pork. The reflectance spectra of irradiated vacuum-packaged 
beef showed both oxymyoglobin and metmyoglobin characteristics. Vacuum-packaged pork 
exhibited significant surface discoloration at 4.5 kGy, which decreased as doses were 
increased. Irradiation had the greatest effect on CIE a* values but equally affected pink/red 
I l l  
and brown visual color scores. Within the dose range of 1.5 kGy to 3.0 kGy vacuum-
packaged turkey developed a pink color. Pink coloration also resulted from irradiation doses 
of 4.5 kGy to 7.5 kGy in vacuum-packaged pork. Vacuum-packaged beef produced greater 
browrmess when irradiated at these levels. 
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Table 1—Mean dose levels and standard deviations for surface doses of irradiated pork, beef, 
and turkey 
Pork Beef Turkey 
Target dose 
(kGy) 
Actual dose 
(kGy) 
S.D." Actual dose 
(kGy) 
S.D. Actual dose 
(kGy) 
S.D. 
1.5 1.45 0.08 1.45 0.08 1.47 0.10 
3.0 2.97 0.12 3.06 0.05 3.06 0.05 
4.5 4.55 0.08 4.58 0.22 4.56 0.11 
7.5 7.46 0.21 7.76 0.10 7.39 0.24 
10.5 10.20 0.25 10.42 0.07 10.41 0.25 
® Standard deviation. 
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Table 2—Least square means for CIE color values by dose of vacuum-packaged irradiated 
pork, beef, and turkey 
Dose (kGy) 
CIE 
color values 0.0 1.5 3.0 4.5 7.5 10.5 S.E.' 
L* 
Pork 53.92 53.38 54.47 55.01 56.53 56.36 0.28 
Beef 41.67 40.44 40.32 39.99 39.96 39.86 0.16 
Turkey 56.28 55.92 55.91 54.87 55.50 57.11 0.15 
a 
Pork 15.33" 17.62"= 19.23^ 22.42* 25.45'" 25.91® 0.14 
Beef 17.59= 16.54= 15.52" 15.13" 16.37= 16.29= 0.27 
Turkey 15.01" 16.82' 19.50'' 22.72° 21.74^ 20.88= 0.10 
b* 
Pork 15.10" 17.22= 17.52=" 18.19"= 18.84= 18.66= 0.31 
Beef 13.87=" 14.20= 13.51" 13.70" 14.21 = 15.34'' 0.15 
Turkey 12.22" 13.99= 15.91'' 16.12"^ 16.39= 16.19='" 0.10 
® Standard error of means. 
"•^Mean values within same row with different superscripts are different (P<0.05). 
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Table 3—Comparison of least square means for saturation index and hue angle of vacuum-
packaged irradiated pork, beef, and turkey by dose level 
Pork Beef Turkey 
Dose Saturation Hue Saturation Hue Saturation Hue 
CkGy) index angle index angle index angle 
0.0 21.7' 43.8'' 22.6" 39.1 19.4' 37.6 
1.5 25.0" 43.5" 21.9"' 40.8 21.9" 38.4 
3.0 26.2= 41.9' 20.7' 41.1 25.2' 37.7 
4.5 29.0'' 38.7" 20.5' 42.1 21.¥ 34.0 
7.5 31.7' 36.4=" 21.8"' 40.7 111'' 36.0 
10.5 32.0' 35.6=* 22.4"'' 42.9 26.4" 36.9 
S.E.= 0.25 0.54 0.26 0.44 0.12 0.68 
®''^Mean values within same column with different superscripts are different (P<0.05). 
® Standard error of means. 
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Table 4—Color visual attributes by dose for vacuum-packaged irradiated pork, beef, and 
turkey® 
Dose (kGy) 
Sensory attribute 0.0 1.5 3.0 4.5 7.5 10.5 S.E.=^ 
Pink/red'' 
Pork 33.6= 48.8" 63.r 118.2^ 140.3® 142.2= 2.45 
Beef 109.8S 93.5'" 65.1' 45.7" 19.1= 18.7= 2.56 
Turkey M.T 92.1" 121.7' 134.6^ 131.3^ 128.8''" 3.03 
Brown'' 
Pork 109.1'" 89.9' 95.6' 55.3" 7.4= 5.9= 2.79 
Beef 33.4= 52.1" 81.8' 104.7'" 
DO O
O
 O
N
 
132.6® 2.60 
Turkey 104.8'" 54.7' 27.6" 8.9= 12.3= 16.0= 2.92 
Uniformity'' 
Pork 15.1" 20.9" 60.1' 86.0^ 16.5" 8.8= 3.25 
Beef 3.7= 2.4= 4.3= 4.9= 5.6=" 7.3" 0.89 
Turkey 14.8' 13.1' 10.9"' 6.2=" 5.8= 4.6= 1.72 
Total color change (AD) 
Pork 118.6= 117.7= 120.4= 135.8" 141.6" 142.9" 2.0 
Beef 118.8"' 114.0=" 112.5= 119.8' 132.5^ 135.2^ 1.9 
Turkey 126.2" to
 
o
 
o
 
o
 
131.3" 136.3' 134.3' 135.8' 1.9 
® Standard error of means. 
'' O=none (pink/brown), uniform color and 150=intense (pink/brown), extreme two-toning. 
'"'^Mean values within same row with different superscripts are different (P<0.05). 
® Visual color evaluations were conducted at day 0. 
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FIGURE CAPTIONS 
Fig. 1—^Total color change (AE*) in fresh vacuum-packaged irradiated pork (S.E =0.19), beef 
(S.E.=0.24), and turkey (S.E.=0.25) as related to irradiation dose. 
Fig. 2—Least square means for L* values as related to display time of irradiated pork 
(S.E.=0.40), beef (S.E.=0.16), and turkey (S.E.=0.20) across dose level. 
Fig. 3—Least square means for a* values as related to display time of irradiated pork 
(S.E.=0.20), beef (S.E.=0.27), and turkey (S.E.=0.14) across dose level. 
Fig. 4—Least square means for b* values as related to display time of irradiated pork 
(S.E.=0.40), beef (S.E.=0.15), and turkey (S.E.=0.13) across dose level. 
Fig. 5—^Total color change (AE*) in fresh vacuum-packaged irradiated pork (S.E.=0.28), beef 
(S.E.=0.35), and turkey (S.E.=0.34) as related to display time. 
Fig. 6—Reflectance spectra from irradiated vacuum-packaged pork at 0 kGy, 4.5 kGy, and 
10.5 kGy. 
Fig. 7—Reflectance spectra from irradiated vacuum-packaged beef at 0 kGy, 4.5 kGy, and 
10.5 kGy. 
Fig. 8—Reflectance spectra from irradiated vacuum-packaged turkey at 0 kGy, 4.5 kGy, and 
10.5 kGy. 
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CHAPTER 4. COLOR CHARACTERISTICS OF IRRADL^TED AEROBICALLY-
PACKAGED PORK, BEEF, AND TURKEY'^ 
A paper submitted to the Journal of Food Science 
Kevin E. Nanke^'"*, Joseph G. Sebranek^'®, and Dennis G. Olson^ 
ABSTRACT 
Changes in color of irradiated meat were observed, in this study, to be species-
dependent. Irradiated pork and beef became less red as a result of irradiation and display time 
relative to unirradiated controls. The redness values of turkey increased due to irradiation, 
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but were unstable. The yellowness of the irradiated samples, for all species, increased as a 
result of irradiation and display. Visual evaluation of the irradiated pork and beef also 
indicated an increase in browness, whereas turkey increased in redness as dose level increased. 
The surface color of irradiated pork became less uniform than ijnirradiated pork. Reflectance 
spectra showed that irradiation induced a metmyoglobin-like pigment in pork and beef. 
Key Words: irradiation, pork, beef, turkey, color 
INTRODUCTION 
Irradiation is not a new technology, and its effects on biological compounds have been 
studied since the turn of the century. However, due to recent foodbome illness outbreaks 
from meat contaminated with pathogenic bacteria, such as E. coli 0157:H7, Salmonella and 
Listeria, food irradiation has emerged as a potentially powerful food preservation technique. 
Many studies (Niemand et al., 1981; Mattison et al., 1986; Lebepe et al., 1990; Lambert et 
al., 1992; Thayer et al., 1993) have demonstrated that low-dose and medium-dose irradiation 
can eliminate microorganisms from a variety of meat products under various environmental, 
packaging, and chemical conditions. However, studies reporting the effects of low-dose and 
medium-dose irradiation on the color of fresh intact muscle are limited. 
The color of fresh meat is determined principally by two factors—pigment 
concentration and the chemical state of the pigments. The pigments primarily responsible for 
meat color are myoglobin and hemoglobin. In muscle, myoglobin is responsible for 50% to 
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80% of the color in fresh meat depending on the muscle (Fox, 1987). Early studies reporting 
the effects of ionizing radiation on meat pigments were conducted over a wide range of doses 
but primarily used purified beef or sperm whale myoglobin extracts. Ginger et al. (1955) 
studied the effects of purified beef myoglobin and beef packaged in oxygen-permeable 
materials. They reported that the susceptibility of myoglobin extracts to radiation damage 
increased with increased purity of the extract. It was also reported that beef packaged in 
oxygen-permeable materials discolored immediately after irradiation and continued to discolor 
during storage. Brown and Akoyxinoglou (1964) reported that changes in the absorbency of 
purified sperm whale myoglobin, in the visual spectrum, suggested oxymyoglobin was 
partially oxidized. Clarke and Richards (1971) studied the absorption spectra of y-irradiated 
metmyoglobin, myoglobin, and a mixture of metmyoglobin and myoglobin in an oxygen 
atmosphere. Clarke and Elichards (1971) suggested that iron in irradiated samples was in the 
oxidized (Fe^"^ form, but the normal metmyoglobin structure was destroyed by irradiation. 
Lycometros and Brown (1973) studied the effects of gamma irradiation on purified 
myoglobin. Their research showed that irradiation polymerizes myoglobin and 
metmyoglobin in a dose-dependent manner. The polymerization process was significantly 
effected by the concentration of myoglobin in solution. However, the polymerization 
process was unaffected by the ligand at the sixth position. 
Research has demonstrated that myoglobin extracts are altered by ionizing radiation. 
Current studies have shown that the color of intact muscle reacts differently to irradiation 
than beef myoglobin extracts. Studies reporting irradiation effects of the color of aerobically 
132 
packaged intact muscle are limited. Additionally, most studies have utilized vacuum 
packaging atmospheres and not aerobic packaging. An AMIF (1995) study showed that 
aerobically packaged beef became less red as a result of irradiation and display time. 
Luchsinger et al. (1996) reported that aerobically packaged pork chops decreased in redness 
due to dose level and display time. Lee et al. (1996) reported that redness for pork packaged 
in 25% CO2 and 75% Ni decreased as a result of irradiation. 
The color of fresh meat is the most important attribute of the product average 
consumers use as a criteria when making purchasing decisions (Hood, 1980). When 
consumers are presented choices, they buy what they perceive as being the freshest. 
Consumers expect uniformity of appearance within a group of similar products (i.e., pork 
chops, turkey breasts, or beef steaks). But, when differences in meat color exist, consumers 
relate those differences to product quality. Because color will be critical to consumer 
acceptance of irradiated meats, the objective of this study was to determine the color changes 
of fresh aerobically packaged pork, beef, and turkey at various irradiation dose levels. 
MATERIALS & METHODS 
Sample preparation 
Boneless pork loins (IMPS #412B) were obtained from the Iowa State University 
Meat Laboratory. Pork chops (1.5 cm thick) were sliced begirming at the posterior end of the 
loin. Surface fat and lean tissue were trimmed from the longissimus dorsi. Two pork chops 
per loin were randomly assigned to each of the six treatment combinations. 
133 
Beef loins (IMPS #174) were purchased from a local retailer. Boneless strip loins 
(IMPS #180) were removed and trimmed of surface fat leaving the longissimus dor si. Steaks 
(1.5 cm thick) were sliced beginning at the anterior end of the loin. After slicing, extraneous 
connective tissue and fat were trimmed from the steaks. Two steaks per loin were randomly 
assigned to each of the six treatment combinations. 
Turkey tenders (pectoralis minor) were purchased from a local retailer. The turkey 
tenders were received frozen and were tempered to 0±2°C before processing. Three turkey 
tenders were cut in half longitudinally and randomly assigned to each of the six treatment 
combinations. 
The pork, beef, and turkey samples were aerobically packaged within 5 min of cutting 
using a 2S styrofoam tray over-wrapped with fresh meat film. The fresh meat film has an O2 
transmission rate of 1,400 cc/654 cm"/24 hr at 1 atm and 23°C and a moisture transmission 
rate of 32 g/654 cm^/24 hr at 38°C and 90% RH (Borden Packaging and Industrial Products, 
North Andover, MA). After packaging, the samples were transferred to a 0±2°C cooler for 
overnight storage. Individual samples were identified with a code number for identification 
throughout the experiment. 
Irradiation processing 
Irradiation was conducted at the Linear Accelerator Facility (LAP) at the Iowa State 
University Meat Laboratory. To maintain the product temperature, samples were 
transferred from refrigerated storage to the LAP immediately prior to irradiation. The 
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samples were exposed to the ambient temperature of the irradiator during treatment and were 
immediately returned to a 0±2°C cooler after irradiation. Control (0 kGy) samples were also 
exposed to the ambient temperature of the LAF. Total time samples were without 
refrigeration did not exceed 10 min. The samples were irradiated by a CIRCE IIIR Electron 
Beam (E-beam) irradiator (Thomson-CSF Linac, St. Aubin, France) with an energy level of 10 
MeV at a dose rate of approximately 90.0 kGy/min. Samples were placed in a single layer on 
stainless steel transfer carts for irradiation. Two alanine dosimeters per transfer cart were 
attached to the top and bottom surfaces of the sample. Irradiation doses were applied to the 
samples by exposing them to the E-beam using a single-sided pass. Using a constant dose 
rate, the processing conveyor speed was set to achieve five different dose levels. The target 
doses were 1.5 kGy, 3.0 kGy, 4.5 kGy, 7.5 kGy, and 10.5 kGy. Actual absorbed doses were 
measured by inserting the alanine dosimeters into a 104 Electron Paramagnetic Resonance 
instrument (Bruker Instruments Inc., Billerica, MA). This instrument was calibrated in 
accordance with ASTM E 1261 § 8.5 in-house calibration using a set of transfer standard 
dosimeters ranging from 1 kGy to 11 kGy (National Physical Laboratory, Tedington 
Middlesex, United Kingdom). Each replication was processed separately through the LAF. 
Display characteristics 
Samples were placed in a single layer on illuminated racks in a 0±2°C cooler and were 
illuminated 24 hr per day for 12 days. The light source (Philips, 40W Cool White) was 30 
cm from the sample surface. Incident light reaching the sample surface had an intensity of 
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2,018 lux. The top and bottom orientation of the samples, which was established during 
irradiation, was maintained throughout the study. The top surface was exposed to the light 
source and was measured when determining color attributes. 
Color analysis 
Color measurements of pork, beef, and turkey were conducted immediately after 
irradiation. Subsequent color measurements were conducted every 2 days for 12 days. 
Samples were left in their original packaging material for the color measurements. 
Condensation was removed from the package surface using a towel immediately prior to color 
analysis. Color measurements were conducted using a Hunter Lab Scan Colorimeter (Hunter 
Laboratory, Inc., Reston, VA). This instrument was standardized prior to each use by 
covering the white tile with a swatch of packaging material. Values of the white standard tile 
were X=81.72, Y=86.80, and Z=91.46. Illuminate A, 10° standard observer, and a 2.5 cm 
viev^ang area and port were used. CIE L* (lighmess), a* (redness) and b* (yellowness) color 
values, saturation index, and hue angle were obtamed (AMSA, 1991). A numerical total color 
difference (AE*) was calculated by: 
AE* = [(L*-L\cf)- + (a*-a*,ef)' + (b*-b^f)-]"'-
The control samples were used as reference values (Francis and Clydesdale, 1975). 
Reflectance measurements were collected using the Hunter Lab Scan Colorimeter at 10 nm 
increments and illuminate A. Three random readings per sample were obtained and averaged. 
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Visual color evaluation 
A thirteen-member descriptive panel consisting of Iowa State University graduate and 
undergraduate students was used to evaluate the color intensity of pork, beef, and turkey 
samples. The panelists evaluated the samples for intensity of pink/red color, brown color, 
and uniformity of color. Initial training and orientation consisted of presenting the panelists 
with a control (0 kGy) and a sample that was irradiated at 10.5 kGy. These samples 
exhibited minimum and maximum intensities of pink/red and brown expected for the 
experimental treatments. Subsequent training sessions consisted of presenting samples from 
the other foiu* treatment groups. During these subsequent training sessions, individual 
panelist performance was monitored and compared to the group for panel consistency. 
The samples used for visual analysis were from the same loin/lot as were the samples 
for instrumental analysis. However, they were used only for visual analysis and not for 
display evaluations. Samples were tempered to room temperature for 15 min, and the 
condensation was removed using a towel from the package surface prior to evaluation. The 
sensory panel room was equipped with fluorescent (Sylvania, 40W Cool White) lighting and 
the incident light reaching the sample surface had an intensity of 1,345 lux. Samples were 
equally spaced on tables for independent viewing and evaluation by the panelists. Visual 
analysis was conducted at day 0 of display. The pink/red color, brown color, and uniformity 
of color attributes were evaluated using a 150 mm unstructured line scale with anchor points 
(0=no pink/red, no brown, uniform color and 150=intense pink/red, intense brown, extreme 
two-toning) at each end. Extreme two-toning was considered to be equal amounts of pink/red 
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and brown color appearing on the sample surface. A numerical visual color difference was 
calculated by combining pink/red and brown color scores 
AD = [(pink-pinkfef)^ + (brown-brownref)"]"^ 
The unirradiated control samples were used as reference values. 
Statistical analysis 
The experiment was replicated three times. Data were analyzed in a split plot design 
(Cochran and Cox, 1957). The whole plot was the dose level applied to the samples and the 
split plot was the day in which the samples were measured. Experiment results were 
analyzed with the Statistical Analysis System (SAS, 1990) by General Linear Model. Least 
square means were used, and when F-values were significant, least square mean differences 
were compared by using PDIFF (SAS, 1990). An alpha level of P<0.05 was used to 
determine significance. 
RESULTS & DISCUSSION 
Instrumental color measurements 
Table 1 shows the CIE L* (lightness), a* (redness), and b* (yellowness) values for the 
control and irradiated pork, beef, and turkey samples by irradiation dose. The L* values for 
pork and turkey were unaffected by increasing doses of irradiation. Increasing irradiation 
dose levels significantly but inconsistently affected the L* values of beef. When beef samples 
were irradiated at 1.5 kGy, the L* value decreased indicating the sample became darker. 
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When the irradiation dose increased to 3.0 kGy, L* values increased (P<0.01) in magnitude 
compared to the unirradiated control. Further, when samples were irradiated at 4.5 kGy, a 
decrease (P<0.01) in L* values was observed. Increasing the dose level to > 4.5 kGy, the L* 
values increased (P<0.01). 
Redness values for pork were affected as a result of irradiation (Table 1). Pork a* 
values decreased (P<0.01) when irradiated at 1.5 kGy and 3.0 kGy. When irradiation doses 
were > 4.5 kGy, a* values increased, but were lower in magnitude than the unirradiated 
control. These results contradict Luchsinger et al. (1996) who reported that a* values of 
aerobically packaged pork chops were not different (P>0.05) due to irradiation. Beef a* 
values decreased (P<0.0001) when they were irradiated at 1.5 kGy and 3.0 kGy. When the 
dose increased to > 4.5 kGy, a* values increased (P<0.0001). However, a* values of beef 
irradiated at higher doses were significantly lower than the unirradiated control or 1.5 kGy 
irradiated samples. These results are supported by Luchsinger et al. (1997a), who reported 
that aerobically packaged beef patties irradiated at 2.0 kGy were less red than the unirradiated 
control. Hultin (1985) and van Laack (1994) reported that fresh meat turns brown at 
sterilization dose levels, which would be much higher than used in this study. Results from 
this study indicate that a significant decrease in redness occurs at doses as low as 1.5 kGy in 
aerobically packaged pork and beef. The a* values for turkey were not different (P<0.05) as 
irradiation dose levels increased from 0 kGy to 10.5 kGy. 
The b* values for pork responded similarly as a* values to varying doses of 
irradiation. At doses of 1.5 kGy and 3.0 kGy, b* values of pork decreased (P<0.001) 
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compared to the unirradiated control (Table 1). Yellowness values increased when irradiation 
doses were increased to 4.5 kGy and remained unchanged as dose levels increased. The b* 
values of beef decreased (P<0.0001) as dose levels were increased from 0 kGy to 4.5 kGy. 
At irradiation dose levels > 4.5 kGy, the yellowoiess values remained relatively unchanged. 
The yellovmess of turkey did not change (P>0.05) as irradiation dose increased. Other 
studies reporting irradiation induced changes to yellowness values have been inconsistent and 
differ significantly by species. Lee et al. (1996) reported that the color of beef was affected 
more by storage temperature than by irradiation treatment. Luchsinger et al. (1997b) 
reported dose level did not affect the yellowness in raw beef steaks. Whereas, Millar et al. 
(1995) observed higher b* values in irradiated chicken breast. 
Comparison of the total color change (AE*) by irradiation dose is shown in Table 1. 
Aerobically packaged pork chops underwent a linear (R^O.99) color transformation 
(P<0.0001) across the entire dose range. Across this dose range, aerobically packaged pork 
chops changed from a typical fresh reddish-pink color to a dark grayish-pink color. The total 
color change of irradiated aerobically packaged beef was different (P<0.0001) than the 
unirradiated control. Beef AE* values increased (P<0.001) as dose level increased from 1.5 
kGy to 3.0 kGy and then decreased (P<0.001) as dose level increased from 3.0 kGy to 4.5 
kGy. At doses > 4.5 kGy, the AE* for aerobically packaged beef remained unchanged. Even 
though the individual color values for turkey were not different (P>0.05), the total color 
change of irradiated aerobically packaged turkey increased (P<0.05) linearly (R^O.75) as 
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irradiation doses increased. However, the magnitude of change was significantly less than for 
beef and pork. 
When pork L* values were averaged across all dose levels, including the control, L* 
values increased (P<0.0001) linearly (R^=0.94) as display time increased (Table 2). No 
significant interactions occurred between dose, including control, and display time for pork 
L* values. Beef L* values, averaged across all dose levels includuig the control, increased 
(P<0.0001) as display time increased (Table 2). A significant interaction was observed 
between dose level and display time for beef L* values (Fig. 1). L* values for beef, at all dose 
levels, increased (P<0.001) during the first 2 days of display and were relatively unchanged 
through day 6. From day 6 to day 12 of display, irradiated beef L* values increased 
(P<0.001), whereas the unirradiated control remained relatively unchanged during the display 
period. Turkey L* values, when averaged across dose level including the control, increased at 
day 6, day 10, and day 12 of display (Table 2). No significant interactions occurred between 
dose level, including the control, and display time for turkey L* values. 
The redness of the pork samples, averaged across all dose levels including the control, 
decreased (P<0.001) linearly (R^O.92) as display time increased (Table 2). A significant 
interaction occurred for pork a* values between dose level and display time. Redness values 
for pork irradiated at 1.5 kGy and 3.0 kGy were lower and remained relatively unchanged 
during display when compared to the unirradiated control (Fig. 2), whereas a* values of pork 
irradiated at > 4.5 kGy decreased (P<0.01) during display time. Beef a* values decreased 
(P<0.0001) as dose levels increased in a curvilinear 2"'' order polynomial (R^O.98) manner 
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(Table 2). Redness values increased in magnitude through day 6 of display and then 
decreased through day 12. A significant interaction occurred for beef a* values between dose 
level and display time (Fig. 3). Redness values of the unirradiated control were higher than all 
dose levels and continually declined during display, whereas a* values of irradiated beef 
samples increased and then decreased in a curvilinear fashion during display; however, the 
curve began to flatten at irradiation dose levels > 7.5 kGy. The redness values of turkey 
decreased (P<0.0001) from day 0 to day 2 of display and then remained relatively unchanged 
until day 10 when they decreased (P<0.0001) to day 12. The interaction between dose level 
and display time showed that uirkey irradiated at different dose levels responded differently 
during display time (Fig. 4). Redness values of samples irradiated with 1.5 kGy and 3.0 kGy 
decreased (P<0.001) in a different manner from the unirradiated control or samples irradiated 
at > 7.5 kGy. Samples inadiated at 7.5 kGy and 10.5 kGy declined at a faster rate and to a 
lower a* value than did the unirradiated control or the low-dose treated samples. 
Pork b* values, averaged across all dose levels including the control, increased 
(P<0.01) from day 0 to day 2 and then remained relatively unchanged (P>0.05) for the 
reminder of the display period except for a slight increase on day 6 (Table 2). No interactions 
occurred for pork b* values between dose including control and display time. Aerobically 
packaged beef b* values, averaged across all doses including the control, increased (P<0.001) 
through day 8 of display and then decreased (P<0.001) (Table 2). A significant interaction 
occurred between dose level and display time for beef b* values. Yellowness values of the 
unirradiated control decreased during display, whereas the b* values for all irradiated samples 
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increased (Fig. 5). Yellowness values of beef samples absorbing doses from 1.5 kGy to 7.5 
kGy had a similar magnitude and pattern of increase, whereas, beef b* values of 10.5 kGy 
treated samples were significantly higher throughout display. Turkey b* values initially 
decreased (P>0.05) and then increased (P<0.01) through day 10 of display at which time they 
decreased at day 12. No significant interactions were observed between dose level and 
display time for turkey b* values. 
Pork AE* values increased (P<0.0001) linearly (R^O.99) during the display period. 
However, AE* values of pork samples irradiated at 7.5 kGy and 10.5 kGy changed less 
during display time than the pork samples irradiated at other dose levels (data not shown). 
The total color change in beef was curvilinear (2"'' order polynomial R^O.99) showing a 
decrease (P<0.001) during the first 6 days of display followed by an increase (P<0.001) 
through day 12. Total color change interactions between dose and display time indicated that 
dose levels > 4.5 kGy were similar in magnitude and changed similarly during display, 
whereas AE* for 3.0 kGy were higher and AE* for 1.5 kGy were lower than other doses (data 
not shown). The AE* values (Table 2) for aerobically packaged turkey, averaged across all 
dose levels including the control, increased (P<0.05) after day 10 of display. No significant 
interactions were observed between dose level and display time for turkey AE* values. 
Table 3 shows the effects of irradiation on saturation index and hue angle by dose 
level for each species. The saturation index of pork decreased (P<0.001) when irradiated at 
1.5 kGy and 3.0 kGy as compared to the unirradiated control. Irradiating at a dose level of > 
4.5 kGy, tlie saturation index increased (P<0.001) and remained unchanged. During the 
display period, the saturation index of the unirradiated pork was higher (P<0.01) at all 
samplings (Fig. 6). The saturation index of pork irradiated at doses > 4.5 kGy decreased 
(P<0.001) during display, were not different from each other, but were different (P<0.01) 
from the unirradiated control and 1.5 kGy and 3.0 kGy treated samples. The saturation index 
of pork irradiated at 1.5 kGy and 3.0 kGy increased (P<0.01) during display. However, the 
saturation indexes of the irradiated samples, except for 3.0 kGy, were not different beyond 
day 8 of display. The saturation index of beef decreased (P<0.0001) as dose levels increased 
up to 3.0 kGy (Table 3). At dose levels > 4.5 kGy, the saturation index increased (P<0.001), 
but was significantly lower than the unirradiated control. A significant interaction occurred 
for beef saturation index between unirradiated and irradiated samples (Fig. 7). The saturation 
index for the unirradiated control continually declined during display, but remained higher 
than irradiated samples. The level of irradiation and display time did not effect (P>0.05) the 
saturation index of turkey. The hue angle of pork increased (P<0.01) when the samples were 
irradiated at 1.5 kGy and 3.0 kGy and then decreased (P<0.01) and remained unchanged at 
dose levels > 4.5 kGy. The hue angle of beef increased (P<0.001), peaking at 3.0 kGy and 
then decreased in value at dose levels > 4.5 kGy. The hue angle of turkey increased (P<0.05) 
inconsistently as dose levels increased. This indicates that aerobically packaged meat 
becomes more yellow as hue angles increase as a result of irradiation and is independent of 
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Figures 8 through 10 show the reflectance spectra of unirradiated and irradiated (4.5 
kGy and 10.5 kGy) pork, beef, and turkey, respectively. Only data from 4.5 kGy and 10.5 
kOy irradiated samples are shown on the figures. Data from samples irradiated at other doses 
have similar responses, but inclusion would cause the figures to appear cluttered and lines 
could not be distinguished. The reflectance spectra for unirradiated pork (Fig. 8) resembles a 
typical oxymyoglobin reflectance spectra with peaks at approximately 540 nm and 580 nm 
(Bandman, 1987). The reflectance spectra of unirradiated and irradiated pork were similar 
from 400 nm to 600 nm. The irradiated pork samples, however independent of dose, changed 
reflectance intensity between 600 nm and 620 nm. This change suggests that a small amount 
of metmyoglobin is present in the samples. In the red region of the spectrum (above 620 
nm), the irradiated samples had a higher reflectance value than the unirradiated control. These 
reflectance spectra are consistent with CIE color values, which indicate that aerobically 
packaged pork becomes less red and more brown due to irradiation. 
The reflectance spectra for unirradiated and irradiated (4.5 kGy and 10.5 kGy) beef 
are shown in Fig. 9. The reflectance spectra for unirradiated beef resembles a typical 
oxymyoglobin reflectance spectra with peaks at approximately 540 nm and 580 nm 
(Bandman, 1987). When the aerobically packaged beef samples were irradiated, independent 
of dose, the peaks at approximately 540 nm and 580 nm broadened and became more diffuse. 
Also, the irradiated beef samples developed a diffuse third peak at approximately 620 nm, 
independent of dose level. Beyond 620 nm, the irradiated samples increased in reflectance 
but were significantly lower than the unirradiated control. The diffuse peak at about 620 nm 
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is indicative of the presence of metmyoglobin (Sandman, 1987). These spectra data confirm 
the CIE values, which indicated that irradiated beef changes from a bright cherry-red color to a 
dark red or brown color. These results also support the findings of Satterlee et al. (1971) and 
Clarke and Richards (1971) who reported similar peak developments and a browning effect in 
beef myoglobin due to irradiation. 
The reflectance spectra of unirradiated and irradiated (4.5 kGy and 10.5 kGy) turkey 
(Fig. 10) shows a curve similar to oxymyoglobin. The peaks at approximately 540 nm and 
570 run were slightly lower for the irradiated samples than unirradiated control but were 
similar in magnitude. Additionally, the unirradiated and irradiated samples had similar 
reflectance values through the red region of the spectrum. 
These results suggest that the pigment in irradiated aerobically packaged pork and 
beef contains characteristics of oxymyoglobin and metmyoglobin when compared to 
absorption spectra of unirradiated meat (Bandman, 1987). The pigment in aerobically 
packaged turkey remained relatively unchanged by irradiation. The color effects observed, in 
this study, were not limited to the surface of the product but existed throughout the product. 
The pigments formed by ionizing radiation in aerobically packaged pork and beef do not 
conform to traditional spectra of aerobically packaged meat. Researchers have suggested that 
other pigments are formed as a result of irradiation. Fox et al. (1958) reported that a green 
pigment was formed in irradiated extracts of beef myoglobin and were identified as 
sulfinyoglobin. Giddings and Markakis (1972) studied the pigments formed in purified 
"pasteurized" beef myoglobin. They reported that irradiated oxygen-containing solutions of 
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myoglobin generated ferrylmyoglobin. Diehl (1982) reported that irradiation doses greater 
than 150 krad (1.5 kGy) caused a brown discoloration of meat exposed to air. Diehl (1982) 
concluded that color changes in irradiated meat were due to alterations to the protein moiety 
and not to the heme portion of the molecule. 
Visual color measurements 
Visual color measurements are shown in Table 4. The pinkness/redness scores for 
pork and beef decreased (P<0.001) as irradiation dose levels increased from 0 kGy to 1.5 kOy 
and 3.0 kGy, respectively, and then increased (P<0.001) as dose levels increased. The 
pinkness scores for turkey samples were inconsistent across dose level. The scores decreased 
(P<0.05) from 0 kGy to 1.5 kGy, increased (P<0.05) from 1.5 kGy to 7.5 kGy and then 
decreased (P<0.05) again at 10.5 kGy. The visual scores for pork and beef browness changed 
in the opposite direction as pinkness/redness scores. At low doses, browness scores 
increased (P<0.0001) and then decreased (P<0.0001) as dose levels increased. On the other 
hand, turkey browness was unaffected by dose level. 
The color changes observed by the visual panel did not occur uniformly over the 
product surface. The amount of two-toning that occurred on the surface of pork increased 
(P<0.01) at 3.0 kGy and 4.5 kGy. The surface area of aerobically packaged pork at this level 
contained approximately one-third-pink/red color and two-thirds brovm color. Surface 
discoloration then decreased (P<0.01) at dose levels > 7.5 kGy, but was still less uniform 
than the unirradiated control. The color uniformity of aerobically packaged beef was 
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significantly different only at 1.5 kGy. At dose levels > 3.0 kGy, the surface area was 
dominated by the brown color induced by irradiation. The color uniformity in turkey was 
unaffected by dose level. The color observed in pork by the visual panel was described as 
changing from a pinkish-red, typical oxymyoglobin (0 kGy), to a light brown at 1.5 kGy, and 
3.0 kGy and then becoming redder at dose levels > 4.5 kGy. The color observed in beef went 
from a bright cherry-red (0 kGy) to a brown color that resembled metmyoglobin. 
Additionally, the visual panel observed that if surface color differences existed naturally on 
the product, those differences were magnified by 1.5 kGy to 4.5 kGy of irradiation. But, 
when irradiation doses were increased to > 4.5 kGy, those differences were minimized. Since 
differences in meat color appear to be dose-dependent, when meat products are irradiated the 
maxrmin dose ratio should be minimized to reduce color variations within the package or case. 
CONCLUSIONS 
Low-dose electron beam radiation induced significant color changes in aerobically 
packaged pork, beef, and turkey. Irradiation of aerobically packaged pork and beef resulted in 
products that were less red and more yellow as dose increased. The CIE color values of 
aerobically packaged turkey were unaffected by irradiation. Increasing irradiation dose levels 
resulted in pork and beef to become less red as indicated by the saturation index, and all 
species tended to become more yellow—with greater hue. Irradiation had the greatest effect 
on CIE a* values but equally affected pink/red and brown visual color scores. Within the 
dose range of 1.5 kGy to 3.0 kGy, panel scores for pork and beef showed that samples 
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irradiated at these doses were visually more brown than the unirradiated control or samples 
irradiated at doses > 4.5 kGy. Irradiation dose level significantly affected the surface 
discoloration of pork and beef, whereas, the surface color of turkey remained unchanged by 
dose level. Reflectance spectra of irradiated aerobically packaged pork and beef suggested the 
pigment present on the surface of beef and pork contained both oxymyoglobin and 
metmyoglobin characteristics. Additional research is needed to determine the cause of these 
color changes, the stability during storage of the colors observed, and consumers' acceptance 
of these color changes in irradiated meat. Further, development of the means for controlling 
the final color of irradiated products could be very important to ensuring long-term consumer 
acceptance of irradiated meat products. 
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Table 1—Least square mean CIE color values by dose of aerobically packaged irradiated 
pork, beef, and turkey 
Dose (kGy) 
CIE color 
values 0.0 1.5 3.0 4.5 7.5 10.5 S.E.' 
L* Pork 
Beef 
Turkey 
57.40 
46.00'" 
52.74 
56.77 
43.89'' 
53.64 
57.58 
49.32S 
52.88 
57.52 
42.26" 
52.16 
58.09 
43.34= 
51.29 
57.71 
44.50= 
53.94 
0.24 
0.14 
0.21 
a* Pork 
Beef 
Turkey 
19.80'^ 
28.05'= 
17.96 
15.73'' 
14.55'' 
17.14 
15.35" 
9.82" 
17.30 
17.28= 
12.79= 
18.12 
17.38= 
12.38= 
17.11 
17.40= 
11.86= 
15.71 
0.13 
0.31 
0.14 
b* Pork 
Beef 
Turkey 
20.10" 
23.54' 
17.94 
18.72" 
16.59" 
17.71 
18.57" 
15.96= 
18.94 
19.18= 
15.14" 
18.85 
19.22= 
15.14" 
18.90 
19.29= 
14.94" 
18.40 
0.13 
0.25 
0.10 
AE* Pork 
Beef 
Turkey 
6.92^ 
21.48" 
2.32" 
7.63= 
26.40" 
3.76= 
8.62" 
23.82= 
2.87" 
10.64= 
24.23= 
4.26=" 
12.98^ 
24.70= 
4.72" 
0.07 
0.32 
0.21 
® Standard error of least square means. 
Least square mean values within the same row with different superscripts are different 
(P<0.05). 
Table 2—Comparison of least square mean CIE color values by display time of aerobically packaged irradiated pork, beef, and 
turkey 
Display time (days) 
CIE color 
values 
0 2 4 6 8 10 12 S.E." 
L* Pork 54.94'' 56.45"= 56.85"= 57.83'' 58.48"''= 58.96'= 59.07*= 0.26 
Beef 39.85" 44.06"= 45.37"* 44.15"= 45.9r 46.38^ 48.48® 0.15 
Turkey 52.20" 52.22" 52.32" 53.46'= 52.66" 53.57"= 52.99"= 0.23 
a* Pork 18.39"^ 17.82'-' 17.15'' 17.52'''= 16.68'= 16.48"= 16.05" 0.14 
Beef 14.33' 15.38'' 16.31'= 16.7r 15.97'''= 14.05"= 11.60" 0.33 
Turkey 19.59« 17.74^ 17.55*=^ 17.28''"= 16.91'='' 16.55"= 14.96" 0.15 
b'* Pork 18.55" 19.32'= 19.04'= 19.84"' 19.13'= 19.26"= 19.13"= 0.14 
Beef 14.66" i6 . i r  16.91'' 17.99^ 18.26^ 17.32*= 16.94'='' 0.14 
T urkey 18.08""= 17.94" 18.33'='' 18.57"''= 18.68'= 19.23^ 18.37'='= 0.11 
AE* Pork 5.53" 6.85"= 8.66"' 10.32'= 12.23'^ 13.90® 0.08 
Beef 21.02"= 19.87" 18.93" 19.58" 21.62'= 24.23'' 0.35 
Turkey 2.91" 3.07" 3.04" 3.05" 3.85'= 4.36^ 0.22 
® Standard error of least square means. 
Least square mean values within the same row with different superscripts are different (P<0.05). 
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Table 3—Comparison of least square means for saturation index and hue angle of aerobically 
packaged irradiated pork, beef, and turkey by dose level 
Pork Beef Turkey 
Dose Saturation Hue Saturation Hue Saturation Hue 
(kGy) index angle index angle index angle 
0.0 28.2= 45.5' 36.7® 40.7' 25.4 45.0' 
1.5 24.5' 50.2= 22.1"^ 49.1" 24.7 46.0" 
3.0 24.1® 50.5= 18.8" 58.4"= 25.7 47.6= 
4.5 25.8" 48.1" 19.8= 49.9"" 26.2 46.2" 
7.5 25.9" 48.0" 19.6= 50.7='^ 25.6 48.1= 
10.5 26.0" 48.1" 19.1"= 51.3= 24.3 49.7"^ 
S.E.S 0.17 0.19 0.30 0.42 0.16 0.30 
Least square mean values within the same column with different superscripts are different 
(P<0.05). 
Standard error of least square means. 
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Table 4—Color visual attributes by dose for aerobically packaged irradiated pork, beef, and 
turkey 
Dose (kGy) 
Sensory attribute 0.0 1.5 3.0 4.5 7.5 10.5 S.E.® 
Pink/Red 
Pork 141.9= 18.9= 42.9" 63.6= 84.7^ 91.3^ 3.2 
Beef 149.0® 65.4^ 16.2= 21.4= 44.2" 58.3= 2.2 
Turkey 82.5"^ 49.3= 92.4= 103.3^ 107.2^ 94.7= 3.5 
Brown 
Pork 4.6= 124.4® 107.4^ 86.6= 57.1" 49.0" 3.2 
Beef 0.6= 78.7" 123.0" 113.1® 98.3^ 88.1 = 2.2 
Turkey 71.5 97.2 58.0 44.3 36.0 50.9 3.6 
Uniformits' 
Pork 10.4= 10.7= 49.7= 46.5= 22.9" 23.3" 2.8 
Beef 0.7= 22.6= 7.2" 9.5" 8.7" 7.9" 1.6 
Turkey 19.0 12.7 8.3 7.9 5.5 9.3 1.6 
Total color change (AD) 
Pork 130.8= 122.7" 116.6=" 113.5= 114.7= 2.2 
Beef 107.7= 125.4= 116.9" 112.6" 112.5" 1.7 
Turkey 116.6 122.6 123.3 123.7 122.3 2.0 
® Standard error of least square means. 
^ O=none (pink/brovm), uniform color and 150=intense (pink/brown), extreme tv.'o-ioning. 
Least square mean values wthin the same row with different superscripts are different 
CP<0.05). 
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nCURE CAPTIONS 
Fig. 1—Comparison of least square mean CIE L* values by dose level during display time of 
aerobically packaged beef 
Fig. 2—Comparison of least square mean CIE a* values by dose level during display time of 
aerobically packaged pork 
Fig. 3—Comparison of least square mean CIE a* values by dose level during display time of 
aerobically packaged beef 
Fig. 4—Comparison of least square mean CIE a* values by dose level during display time of 
aerobically packaged turkey 
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CHAPTER 5. COLOR CHARACTERISTICS OF IRRADIATED PORK BICEPS 
FEMORIS, SEMITENDINOSUS, AND SEMIMEMBRANOSUS MUSCLE 
A paper to be submitted to the Journal of Food Science 
Kevin E. Nanke^'"*, Joseph G. Sebranek^'^, and Dennis G. Olson^ 
ABSTRACT 
Pork biceps femoris (BF), light and dark region of semitendinosits (LST and DST), 
and semimembranosus (SMB) were vacuum (VP) or aerobically (AP) packaged and 
irradiated. VP BF, LST, and SMB had hematin concentrations of 27.5, 31.0, and 40.8 ppm, 
respectively, and increased in redness with dose. AP BF, LST, SMB, DST, and VP DST 
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decreased in redness as dose levels increased. Reflectance spectra indicated that 
metmyoglobin-like and oxymyoglobin-like pigments developed in irradiated AP and VP BF 
and LST. AP and VP SMB samples were unchanged by irradiation. A metmyoglobin-like 
pigment developed in both AP and VP DST samples. Irradiation-induced color changes in 
fresh meat are independent of myoglobin concentration. 
Key words: pork, irradiation, color, aerobic-package, vacuum-package 
INTRODUCTION 
Irradiation-induced color changes in pork longissimus dorsi have been well studied. 
Nanke et al. (1998), Luchsinger et al. (1996), Zhao et al. (1996), and Lambert et al. (1992) 
have documented irradiation-induced color changes under various packaging, environmental, 
and irradiation conditions. These studies generally agree that pork longissimus dorsi 
becomes redder due to low-dose irradiation. Data from these studies contradict the 
postulated mechanism by which myoglobin is altered by irradiation. Clarke and Richards 
(1971), Satterlee et al. (1972), and Giddings and Markakis (1972) reported that either 
myoglobin was oxidized to metmyoglobin or that metmyoglobin was reduced to 
oxymyoglobin as a result of being treated with ionizing radiation. These two proposed 
mechanisms do not account for the transition of unirradiated vacuum-packaged pork, which 
is in a deoxymyoglobin state, to a product that contains oxymyoglobin-like characteristics. 
Different muscles from the same species may react differently than longissimus dorsi 
to irradiation. Differences in fiber type, composition, enzyme systems, and myoglobin 
concentration may affect irradiation-induced color changes. Ahn et al. (1998) studied the 
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effects of irradiation on three different pork muscles. They reported that redness values of 
longissimus dorsi were lower than psoas or rectus femoris as a result of irradiation. Their 
results suggest that muscle fiber type differences may affect irradiation-induced color 
changes. 
Different muscles can vary greatly in protein composition and characteristics. Meat 
proteins other than myoglobin are affected by irradiation (Taub et al., 1979) and an 
irradiation-induced alteration to one or more of these proteins, other than myoglobin, could 
affect the color of meat. Satterlee et al. (1971) reported that bovine metmyoglobin solutions 
responded differently to irradiation dependent on the purity of the solution. As myoglobin 
was purified, the ability to form a red irradiated pigment was also reduced. It was suggested 
that a critical factor was lost during dialysis that made metmyoglobin more sensitive to 
irradiation or which reduced the stability of the red irradiated pigment. 
Therefore, the objective of our study was to examine different pork muscles, selected 
for differences in muscle fiber type and myoglobin concentration, to determine the effects of 
these muscle differences on irradiated pork color. 
iMATERIALS & METHODS 
Sample preparation 
Hams from eight crossbred pigs were obtained from the Iowa State University Meat 
Laboratory. The eight carcasses were separated into two replications, having equal 
representation within the two groups based on carcass weight and composition. The hams 
were separated, skinned, trimmed of subcutaneous and intermuscular fat, deboned, and 
individual muscles {biceps femoris, BF; semitendinosus, ST; and semimembranosus, SMB) 
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were separated. The individual muscles were mechanically skinned with a membrane 
skinner (Model 7600, Townsend Engineering Co., Des Moines, lA) to remove membranes 
and remaining fat. The semitendinosus was further divided by separating the light (LST) and 
dark (DST) regions of the muscle. All muscles were cut into =1.27 cm slices. Two 
packaging conditions (vacuum and aerobic) were used. The vacuum-packaged (VP) samples 
were packaged within 10 min of cutting, using a roll stock packaging machine (Model 
RM571, Koch Packaging Systems, Kansas City, MO) equipped with a 6 mil barrier film. 
This multi-layer film had an approximate Oi transmission rate of 2.5 cc/654 cm"/24 h at 1 atm 
and moisture transmission rate of 0.4 g/654 cm"/24 h at 90% RH (Koch Packing Systems, 
Kansas City, MO). A vacuum of 597 mm Hg (78.6%) was achieved in the package. The 
second group of samples was packaged in an ox>'gen-permeable (AP) overwrap fihn. The 
samples were placed on lOS clear plastic trays and over-wrapped vvath a fresh meat film. The 
fresh meat film had an O2 transmission rate of 1,400 cc/654 cm'l2A h at 1 atm and 23°C and 
moisture transmission rate of 32 g/654 cm"/24 h at 38®C and 90% RH (Borden Packaging 
and Industrial Products, North Andover, MA). After packaging, the samples were placed in a 
0±2°C cooler for overnight storage. 
Irradiation processing 
The irradiation processing was conducted as previously described in Nanke et al. 
(1998) using a single-sided election beam with an energy level of 10 MeV and dose rate of 
=94.0 kGy/min. The target doses were 0 kGy (unirradiated control), 3 kGy, 6 kOy, and 9 
kCjy. Reported doses were actual surface doses as measured by alanine dosimeters. Each 
replication was processed separately through the Linear Accelerator Facility. 
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Color analysis 
Color measurements of the aerobically-packaged and vacuum-packaged samples were 
collected at 24 h and 48 h, respectively, after irradiation. Samples were left in the original 
packaging material for color measurements. Condensation was removed from the package 
surface immediately prior to analysis. Color measurements were conducted using a Hunter 
Lab Scan Colorimeter (Hunter Laboratory, Inc., Reston, VA.). This instrument was 
standardized prior to use by covering the white tile with a swath of packaging material. 
Values of the white tile were X=81.72, Y=86.80, and Z=91.46. Illuminate A, 10° standard 
observer, and a 1.27 cm viewing area and port were used. CIE L* (lightness), a* (redness), 
b* (yellowness), saturation index, hue angle, and reflectance ratio 630/580 values were 
measured (AMSA, 1991). Reflectance spectra measurements were collected at 10 nm 
increments using illuminate A. Four random readings per sample were obtained and 
averaged. 
Myoglobin concentration 
The myoglobin concentration was determined using the method described by 
Karlsson and Lundstrom (1991) with the following modifications. The quantity of sample, 
extraction buffer, detergent, and sodium hydroxide were doubled to 10 g, 100 ml, 800 |il, and 
500 |il, respectively. The hematin concentration was calculated using the following 
regression equation and expressed as ppm hematin per gram fresh meat. 
ppm = 12.325 X [97.261 x A575-A700) - 0.075] 
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Statistical analysis 
The experiment was replicated twice. Data were analyzed in a split plot design 
(Cochran and Cox, 1957). The whole plot was the absorbed dose and the split plot was the 
package type or muscle type. Experimental results were analyzed with the Statistical 
Analysis Systems (SAS, 1990) by General Linear Model (GLM). Least square means were 
used and when F-values were significant, least square mean differences were compared by 
using PDIFF (SAS, 1990). A alpha level of P<0.05 was used to determine significance. 
RESULTS & DISCUSSION 
Irradiation dose 
Target and actual absorbed doses were compared (Table 1). The actual maximum 
dose was achieved under the product surface and could not be measured, but bottom doses 
were measured and recorded. The bottom dose was higher than the surface due to the 
thickness of the product. Muscle samples were == 1.27 cm thick slices, at this thickness there 
is a higher relative dose on the bottom of the sample than the surface. Becuase the purpose 
of the study was to examine surface color effects of irradiation, achieving a close match 
between actual absorbed surface dose and target surface dose was important. 
Instrumental color measurements 
Color values for the individual muscles were compared (Table 2). Instrumental 
lighmess values confirmed the darker appearing muscles were darker (P<0.01) than the 
lighter muscles. Redness values were also different (P<0.01) between muscles; however, the 
differences did not occur according to muscle darkness. Semimembranosus had the highest 
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a* value of 19.55 and an L* value of 48.34 and LST had an a* value of 16.88 and the highest 
L* value of 60.30. Whereas, DST had an a* value of 16.87 and an L* value of 45.32. The 
yellowness of the muscle types were different (P<0.01) with DST having the lowest b* value 
and SMB the highest b* value. The ratio of 630/580 nm indicated that BF and LST had a 
higher (P<0.01) reflectance at 580 nm than SMB and DST. Hematin concentrations were 
different (P<0.001) among muscles as expected. BF, which was a lighter, less red-colored 
muscle, contained 27.54 ppm compared to DST that was a darker and redder muscle, which 
contained 78.18 ppm. Low myoglobin concentrations were more closely related to high L* 
values than redness (a*) values. These measurements confirmed the expected muscle 
differences in the selected muscles to permit evaluation of irradiation effects on muscle color. 
Irradiation dose and package type were compared across muscles (Table 3). 
Irradiation dose or package type had no effect (P>0.05) on lightness values. Redness and 
yellowness values were lowest (P<0.01) at the 3.0 kGy dose. At doses > 6.0 kGy, a* and b* 
values increased; however, they were not different (P>0.05) from the unirradiated control. 
Studies have reported a significant increase in pork redness due to low-dose irradiation 
(Nanke et al., 1998; Luchsinger et al., 1996; Fu et al., 1995). These studies used pork 
longissimus dorsi, which increased linearly in redness due to irradiation. Package type had a 
significant effect on a* and b* values. Redness values were higher (P<0.01) and yellowness 
values were lower (P<0.01) for VP samples compared to AP samples. Saturation index 
decreased (P<0.01) from 0 kGy to 3.0 kGy and then increased (P<0.01) as dose increased to 
> 6.0 kGy, but were not different firom the unirradiated control. Vacuum-packaged samples 
had a higher (P<0.05) saturation index when compared to AP samples. Hue angles were 
unaffected (P<0.05) by increasing levels of irradiation. Package type effected the hue angle 
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with AP pork, which had a higher (P<0.01) hue angle than VP samples. The ratio of 630/580 
nm decreased (P<0.01) from 0 kGy to 3.0 kGy and then increased at 6.0 kGy and 9.0 kOy, 
but were lower than the unirradiated control. This change may be an indication that 
myoglobin is changing from deoxymyoglobin for VP samples or oxymyoglobin for AP 
samples to metmyoglobin in irradiated samples. Nanke et al. (1998) observed a convergence 
of total color change (AE*) of VP pork, beef, and turkey at 3.0 kOy. At 3.0 kGy, the AE* for 
pork, beef, and turkey were changed by the same magnitude. The pigments responsible for 
meat color are significantly affected by 3.0 kGy of irradiation, independent of species, 
muscle type, package type, or myoglobin concentration. Measurements of hematin 
concentration were unaffected (P>0.05) by irradiation dose. However, package type effected 
(P<0.001) hematin concentration. Vacuum-packaged samples contained 38.95 ppm hematin, 
whereas, AP samples contained 49.78 ppm. These results confirmed the findings of Clarke 
and Richards (1971). They suggested that y-irradiated mettnyoglobin, myoglobin, or a 
mixture of oxymyoglobin and metmyoglobin in an oxygen atmosphere maintained the heme 
iron in an oxidized (Fe^"^ form, but the normal metmyoglobin structure was destroyed. 
CIE a* values of irradiated pork muscles across package type were plotted against 
hematin concentration (Fig. 1). No correlation was observed between muscle redness and 
hematin concentration. Additionally, when the redness and hematin data were split by 
package type and plotted, no correlation was observed for AP or VP a* values and hematin 
concentration (data not shown). 
No interactions occurred between irradiation dose, including unirradiated control, and 
muscle for L* values or hematin concentration. Muscle, dose, and package type were 
compared for interactions of irradiation-induced color changes (Fig. 2-5). The interaction 
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between muscle and dose showed that a* values were changed (P<0.01) by irradiation (Fig. 
2). Aerobically-packaged pork muscles decreased (P<0.01) in redness as a result of 3.0 kGy 
of irradiation and then remained unchanged at higher doses. Vacuum-packaged BF, LST, 
and SMB increased (P<0.01) in redness as doses increased. The a* values of VP DST 
decreased (P<0.01) as dose increased from 0 kGy to 6.0 kGy and then remained unchanged. 
However, it was redder than its AP counterpart. Aerobically-packaged BF contained 31.21 
ppm of hematin and had the lowest a* value, 10.46, at 9.0 kGy. Whereas, AP SMB which 
contained 49.67 ppm of hematin, had the highest a* value, 16.32, at 9.0 kGy. The AP DST 
contained nearly twice as much hematin (80.01 ppm) as did BF or SMB, but had an a* value 
of 13.97. Comparing package type, VP DST (76.34 ppm) had the lowest a* value of the VP 
samples and was similar to AP SMB a* values. In contrast, VP SMB (31.86 ppm) had the 
highest a* values of the VP samples. It is interesting to note that, independent of package 
type and myoglobin concentration, SMB had the highest a* values of the muscle types 
evaluated. These results suggest that myoglobin concentration is not solely responsible for 
the irradiation-induced color changes in pork. 
Yellowness values for AP LST, SMB, and DST decreased (P<0.01) from 0 kGy to 
3.0 kGy (Fig. 3). From 3.0 kGy to 9.0 kGy, a slight increase was observed, but the samples 
were not different. In contrast to its AP counterparts, AP BF was unchanged (P>0.05) by 
increasing levels of irradiation. Vacuum-packaged BF, LST, and SMB increased slightly in 
yellowness as doses increased and were higher than AP BF, LST, and SMB at 9.0 kGy. The 
VP DST decreased (P<0.01) in yellowness from 0 kGy to 6.0 kGy and then increased 
(P<0.05) at 9.0 kGy. 
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The saturation index for AP BF and LST were unchanged (P>0.05) by ionizing 
radiation. Whereas, AP SMB and DST decreased (P<0.01) as a result of 3.0 kGy of 
irradiation and then remained unchanged (P>0.05) as dose increased. Saturation indices of 
VP BF, LST, and SMB increased (P<0.01) as dose increased and higher than AP 
counterparts. Vacuum-packaged DST decreased (P<0.01) in saturation from 0 kGy to 6.0 
kOy and then slightly increased at 9.0 kGy. The VP and AP DST samples were not different 
at 6.0 kGy or 9.0 kGy. The hue angle of the AP and VP pork muscles were not different 
(P>0.05); however, were different from each other with VP samples having a smaller hue 
angle than AP samples. 
Typically meat pigments are characterized by maximum absorbance, data in this 
smdy are reported as percent reflectance. Therefore, maximum absorbance translates to 
minimal reflectance. For example, in Fig. 6, minimal reflectance at =540 nm translates into 
maximum absorbance at this wavelength. The reflectance spectrum of unirradiated (0 kGy) 
AP BF resembled a typical oxymyoglobin spectrum (Bandman, 1987) (Fig. 6). When AP BF 
was irradiated at 9.0 kGy, the reflectance spectrum was similar to the unirradiated control up 
to =590 nm. From =590 nm to 640 nm, a small increase in absorbance developed in the 
spectrum which would be indicative of the formation of metmyoglobin (Bandman, 1987) and 
which caused the samples to have a brownish appearance. The unirradiated AP BF had a 
higher reflectance than the irradiated AP samples from =590 nm to 700 nm. Unirradiated VP 
BF had a single diffuse absorption maximum at =550 nm, which is typical of 
deoxymyoglobin. However, when the VP BF was irradiated at 9.0 kGy, two absorption 
maxima at =540 nm and 570 nm emerged. These absorption maxima indicate that an 
oxymyoglobin-like pigment was formed in the irradiated VP BF samples. Above =630 nm. 
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the irradiated VP BF sample had a significantly higher reflectance when compared to the 
unirradiated control or AP samples. Nanke et al. (1998) also observed this effect in VP pork 
loin when irradiated at dose > 4.5 kGy. 
Reflectance spectra of the irradiated and unirradiated AP LST were similar up to 
=600 nm (Fig. 7). At =610 nm, a small increase in absorbance developed in the irradiated 
AP LST. At wavelengths > 620 nm, die irradiated AP samples had a higher reflectance than 
AP unirradiated control. This was different than irradiated AP BF, which had a lower 
reflectance than unirradiated controls in the red region, even though the hematin 
concentrations of these two muscles were not different. Reflectance spectrum of unirradiated 
VP LST was similar to that of deoxymyoglobin. Irradiated VP LST developed two 
absorption maxima at =540 nm and 570 nm, similar to oxymyoglobin. In addition, a shift in 
the absorbance maximum location was observed for VP LST from =430 nm for unirradiated 
samples to =420 nm for irradiated samples. At wavelengths > 620 run, the irradiated VP 
samples had the greatest reflectance for this muscle. When comparing irradiated VP BF and 
LST, LST had a significantly higher reflectance in the red region. This difference was not 
associated with hematin concentration since VP BF and LST had hematin concentrations of 
23.87 ppm and 23.73, respectively. 
The reflectance spectra of unirradiated and irradiated AP SMB had a similar shape up 
to =600 nm (Fig. 8). Beyond 600 nm, irradiated AP SMB exhibited a small metmyoglobin-
like decrease in reflectance at =610 nm and then increased in reflectance, but had less 
reflectance than the unirradiated control above =660 nm. Unirradiated VP SMB had a 
reflectance spectrum shape similar to typical deoxymyoglobin. However, the magnitude in 
reflectance of VP SMB was significantly less when compared to VP BF and LST (Fig. 6 and 
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7). This decrease in reflectance could be associated with an increased hematin concentration. 
When VP SMB was irradiated, only one diffuse absorption maximum could be seen at =550 
nm. This is different than VP LST and BF where two distinct absorption maxima at =540 nm 
and 570 nm were observed. This indicates that these 3 muscles which have similar hematin 
concentrations, reacted differently to irradiation. Irradiated VP BF and LST (Fig. 6 and 7) 
exhibited oxymyoglobin-like characteristics, whereas, irradiated VP SMB exhibiting 
deoxymyoglobin characteristics. Above =580 nm, the irradiated VP SMB had a greater total 
reflectance than the control. However, the total reflectance of irradiated VP SMB is 
significantly less than for VP LST and BF. 
The DST had the greatest hematin concentration, as shown by the reflectance 
spectrum of the uninadiated controls. The total reflectance for DST (Fig. 9) is lower than the 
other muscles (Fig. 6, 7, and 8). The unirradiated and irradiated AP DST had identical 
reflectance spectra from 400 nm to 580 nm. Beyond 580 nm, the control samples increased 
in reflectance similarly to a typical oxymyoglobin pigment. Whereas, a absorption maxima 
at =610 nm developed in the irradiated AP DST samples before an increase in reflectance 
was observed. The irradiated and unirradiated VP samples were similar to =600 nm. Both 
unirradiated and irradiated AP samples exhibited a typical deoxymyoglobin spectrum with 
one diffuse absorbance maximum at =550 nm. This is different than the other irradiated VP 
muscles, which exhibited oxymyoglobin-like characteristics. Beyond 600 nm, the 
unirradiated control increased in reflectance similar to typical deoxymyoglobin. The 
irradiated VP DST samples exhibited a metmyoglobin-like characteristic with a absorption 
maximum at =610 nm. After =620 nm the irradiated VP DST increased sharply in 
reflectance relative to the unirradiated VP control. 
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CONCLUSIONS 
The pork muscles used in this study had different color profiles and hematin 
concentrations. Biceps femoris and LST responded similarly to irradiation, exhibiting 
oxymyoglobin-like characteristics in a vacuum and metmyoglobin-like characteristics in an 
oxygen-permeable film. Aerobically-packaged SMB developed a metmyoglobin-like 
pigment as a result of 9.0 kGy of irradiation, whereas, VP SMB exhibited deoxymyoglobin 
characteristics at 9.0 kGy. DST developed a metmyoglobin-like pigment in both vacuum and 
aerobic packaging types. These data suggest that irradiation-induced effects on myoglobin 
are not solely responsible for the color change and may be related to muscle fiber type. With 
red muscle fibers tending to become less red and white muscle fibers tending to become 
redder, after being treated with low-dose irradiation. 
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Table 1—Mean dose levels for surface and bottom absorbed doses of irradiated pork 
muscles 
Target dose (kGy) Surface dose (kGy) Bottom dose (kGy) 
3.0 2.97 4.09 
6.0 6.02 7.64 
9.0 9.18 11.78 
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Table 2—Mean CIE color values, pH, and hematin concentration across irradiation dose 
levels and package type 
Parameter 
Muscle group L* 
value 
a* 
value 
b* 
value 
630/580 
nm 
pH Hematin 
(ppm) 
Biceps femoris 59.3 r 15.54' 13.69" 2.01" 5.80"" 27.54" 
Light 
Semitendinosus 
60.30' 16.88'' 14.54''^ 2.03" 5.85"= 30.97" 
Semimembranosus 48.34" 19.55= 15.33= 2.61" 5.72" 40.78" 
Dark 
Semitendinosus 
45.32" 16.87'' 12.60" 2.48" 5.91= 78.18= 
SE 0.87 0.46 0.35 0.05 0.04 2.56 
Mean values within same column with different superscripts are different (P<0.05). 
Table 3—Mean color values and hematin concentration of pork muscles as affected by irradiation and package type 
Dose (kGy) Package type 
Parameter 0 3 6 9 SE Aerobic Vacuum SE 
L* value 53.78 53.17 53.36 52.96 0.87 53.23 53.40 0.62 
a* value 17.77'' 15.67" 17.19" 18.21" 0.46 14.24" 20.18" 0.32 
b* value 14.79'' 13.26" n.so"** 14.31'' 0.35 14.40" 13.68" 0.24 
Saturation index 23.23*' 20.73" 22.19'' 23.29'' 0.54 20.29" 24.43" 0.38 
Hue angle 40.04 41.19 39.65 39.16 0.64 45.75" 34.27" 0.45 
630/580 nm 2.45' 2.16" 2.21"'' 2.32'" 0.05 2.04" 2.52" 0.04 
Hematin (ppm) 48.86 38.55 45.64 44.39 2.56 49.78" 38.95" 1.81 
Mean values within same row and dose or package type with different superscripts are different (P<0.05). 
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FIGURE CAPTIONS 
Fig. 1—Correlation between CIE a* values of irradiated pork muscles and hematin 
concentration (ppm). 
Fig. 2—CIE a* values of pork biceps femoris, semitendinosus, and semimembranosus as 
related to irradiation dose and package type. 
Fig. 3—CIE b* values of pork biceps femoris, semitendinosus, and semimembranosus as 
related to irradiation dose and package type. 
Fig. 4—Saturation index of pork biceps femoris, semitendinosus, and semimembranosus as 
related to irradiation dose and package type. 
Fig. 5—Hue angle of pork biceps femoris, semitendinosus, and semimembranosus as related 
to irradiation dose and package type. 
Fig. 6—Reflectance spectra of irradiated pork biceps femoris at 0 kGy and 9.0 kGy as related 
to package type. 
Fig. 7—Reflectance spectra of irradiated pork light region of the semitendinosus at 0 kGy 
and 9.0 kGy as related to package type. 
Fig. 8—Reflectance spectra of irradiated pork semimembranosus at 0 kGy and 9.0 kGy as 
related to package type. 
Fig. 9—Reflectance spectra of irradiated pork dark region of the semitendinosus at 0 kGy 
and 9.0 kGy as related to package type. 
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GENERAL SUMMARY 
From the studies in this body of work, several conclusions can be made. First, an 
irradiation dose level of 1.5 kGy can significantly alter the color of fresh vacuum-packaged 
pork (longissimus dosri). beef (longissimiis dorsi), and turkey (pecioralis minor). The 
redness of vacuum-packaged pork and turkey increased linearly as irradiation dose levels 
increased from 1.5 kGy to 10.5 kGy. Whereas, vacuum-packaged beef decreased in redness 
in a similar dose range. Aerobically-packaged pork and beef decreased in redness due to 
irradiation and developed a brownish surface color. The redness of aerobically-packaged 
turkey was unaffected by increasing levels of irradiation. Thus, meat color may be controlled 
by irradiation dose level and packaging environments to provide the most desirable color 
possible for consumers. 
Secondly, irradiation-induced color changes in vacuum-packaged beef. pork, and 
turkey were stable for 12 wks. 12 wks. and 10 wks. respectively, of refrigerated, illuminated 
display. The color changes which occurred in irradiated aerobically-packaged meat were not 
stable over display time. Presumably, oxygen transmission through the permeable film 
oxidized the meat pigments during storage, which resulted in a decrease in redness and 
promoted the development of metmyoglobin on the product surface. 
Thirdly, panelists could detect a positive linear relationship between redness and 
irradiation for vacuum-packaged pork and turkey as doses increased from 1.5 kGy to 10.5 
kGy and 4.5 kGy. respectively. Whereas, a negative relationship between redness and 
irradiation was observed for vacuum-packaged beef and aerobically-packaged beef and pork. 
Panelists could detect a small difference in pinkness for aerobically-packaged turkey only at 
1.5 kGy. Notably, panelists detected a surface discoloration for irradiated vacuum-packaged 
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and aerobically-packaged pork which occurred at dose levels >3.0 kGy. This discoloration 
is may have been a result of muscle fiber type differences. Pork longissimus dorsi contains 
approximately equal quantities of red and white fiber types, which appears to show different 
(uneven coloration) effects due to irradiation. Beef and turkey, which have a majority of red 
and of white fiber types, respectively, resulted in an even color distribution and appearance 
following irradiation. 
Fourth, reflectance spectra of irradiated vacuum-packaged pork indicated that an 
oxymyoglobin-like pigment developed as a result of irradiation. Irradiated vacuum-packaged 
beef and aerobically-packaged pork and beef developed an absorption peak at approximately 
620 nm and 630 nm which indicates that a metmyoglobin-like pigment is formed as a result 
of low-dose irradiation. Irradiation did not significantly alter the reflectance spectra of 
vacuum-packaged or aerobically-packaged turkey. Because color change was not related to 
myoglobin concentration, it is concluded that irradiation-induced color changes in meat are 
not myoglobin dependent. The color change may be more dependent upon fiber type and 
packaging environment. 
Finally, redness intensity in irradiated pork does not appear to be myoglobin related. 
When three different pork muscles, which had significantly different myoglobin 
concentrations, were compared, irradiation-induced color changes were similar for all 
muscles and package types. With the exception of the dark region of the semitendinosus, 
which became darker independent of dose level and package type. This pork muscle region 
responded similarly to beef following ionizing radiation. 
This study showed that many factors affect the impact of irradiation on fresh meat 
color. In order to more fiilly understand and appreciate the intricacies of irradiation-induced 
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color changes, researchers need to focus not only on pigments found in the sarcoplasmic 
protein fraction, but also on muscle fiber type. Fiber type is related to muscle glycolysis 
differences, which could impose color differences as well. Studies need to be conducted to 
consider the influence of cytochromes, myoglobin denaturation, and muscle fiber types in 
irradiation-induced color changes. More research is needed to determine the causative 
agent(s) of these color changes, in order to have more control over the color of irradiated 
meat. 
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